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Zusammenfassung:
Ziel der Dissertation ist es, die Detektierbarkeit eines hypothetischen Feldexper-
iments zur Aufhellung mariner Wolken, sowie den möglichen Nutzen und Risiken
eines tatsächlichen Einsatzes hiervon zu untersuchen. Zunächst wurde analysiert, ob
und wie ein das die Albedoänderung von Wolken durch ein Feldexperiment mit Hilfe
von Satellitendaten nachweisbar wäre. Hierbei wurde erstens eine analytische Meth-
ode entwickelt, in der der Strahlungsantrieb durch die implizierten Aerosol-Wolken-
Wechselwirkungen aufgrund einer idealisierten Änderung der Wolkentröpfchenkonzen-
tration berechnet wurde, und zweitens eine stochastische Methode, wobei zusätzlich
auch schnelle Wolkenanpassungen in Betracht gezogen wurden. Ein wesentliches
Ergebnis war, dass ein Experiment in der Nordpaziﬁschen Region von längerer
Dauer, grßerer räumlicher Ausdehnung und höhere Impf-Intensität sein müsste,
um nachweisbar zu sein, als etwa in den Regionen des Südpaziﬁk und Südatlantik.
Nimmt man in der stochastischen Methode auchWolkenanpassungen hinzu, dann er-
höht sich die Wolkenvariabilität in einem Maße, dass sowohl längere Dauer, als auch
ein größeres Gebiet nötig sind. In einem zweiten Schritt wurde die Nachweisbar-
ket mit Hilfe von Modellsimulationen mit dem ECHAMGCM untersucht. Hierbei
wurde erstens ein Zeitraum von neun Jahren in der gleichen Region als ungestörte
Kontroll-Stichprobe in Betracht gezogen, und zweitens während des Experiments
die umgebenden, nicht geimpften Regionen. Konsistent mit den Satellitendaten
stellte sich wieder heraus, dass die Nordpaziﬁsche Region am ungeeignetsten für ein
Feldexperiment wäre. In der Optimierung des Experiments wäre es vorzuziehen,
das Experiment länger durchzuführen, anstatt das Gebiet zu vergrößern oder die
Intensität zu erhöhen. Schließlich wurde mit Hilfe von vorhandenen Modellsimula-
tionen mit drei Modellsystemen analysiert, inwiefern die Änderung der absorbierten
Solarstrahlung (einerseits durch Einbringen von Aerosol in die Stratosphäre, an-
dererseits durch Aufhellen mariner Wolken) eﬀektiv sein kann, um die Änderungen
von Mittelwerten und Extrema von oberﬂächennaher Temperatur und Niederschlag
aufgrund sich erhöhender Treibhausgaskonzentrationen zu kompensieren. Es stellte
sich heraus, dass beide Methoden die Mittelwerte, und größtenteils auch die Ex-
trema, weitgehend auf einem gleichbleibenden Niveau halten können. Allerdings
gibt es große Abweichungen für einzelne Regionen und Jahreszeiten. Insbesondere
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Abstract:
The main objectives of the thesis are to learn about the detection of a hypothetical
marine cloud brightening (MCB) ﬁeld experiment and to assess the beneﬁts and risks
of an actual implementation using model simulations. The ﬁrst aim of the thesis
is to assess the detectability of MCB from the natural variability of clouds using
satellite data. The analysis uses two approaches, i) an analytical method, assessing
the radiative forcing by aerosol-cloud interactions for an idealised perturbation of the
droplet concentration and ii) a stochastic method, including the radiative forcing and
the cloud adjustment eﬀects of perturbing the cloud droplet number concentration.
One of the main ﬁndings of the study is that in the analytical method, detection
of an MCB experiment in the North Paciﬁc region requires longer duration, larger
domain and larger intensity of the Nd perturbation than in the South Paciﬁc and
the South Atlantic regions. In the Stochastic method, larger domain size as well as
longer duration are required for the detection of the hypothetical ﬁeld experiments
compared to the analytical method. We found that increasing the duration of the
experiment and intensity of Nd perturbation has more inﬂuence in detectability
than increasing the domain size. Secondly, we analyse the detection of MCB using
ECHAM GCM simulations. Two methods are used for the analysis, i) a temporal
method, using temporal reference of nine years for the analysis, and ii) a spatial
method, where a surrounding unperturbed regions are used as a reference for the
analysis. In the temporal method, the detectability of the MCB experiment over
the North Paciﬁc region is most diﬃcult. Our calculations suggest that for an
experiment to be cost eﬀective, it is preferable to design an experiment of longer
duration with smaller domain sizes as well as less intensity of perturbation of Nd.
Finally, we investigate the eﬀectiveness of MCB in alleviating the changes in the
mean and extremes for surface air temperature and precipitation. We compare these
results with another climate engineering technique, namely stratospheric aerosol
injection. The study is based on an existing multi model simulation of three Earth
system models. The main conclusion from the study is that the two solar radiation
management techniques are rather eﬀective in mitigating the climate change driven
increases in the mean and extremes of temperature and precipitation according to
the climate simulations. However, the potential to mitigate diﬀers around the globe
and seasonally. The strong increases in lower temperature extremes, especially in the
Arctic, are not well dampened with the solar radiation management implementation.
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 The climate is changing, we have a new normal - Trenberth et al. (2015)
The Earth on which we live and the climate we know is changing. According
to the Stocker et al. (2013), Climate change refers to a change in the state of the
climate that can be identiﬁed by changes in the mean and/or the variability of its
properties, and that persists for an extended period, typically decades or longer.
Change in the climate is due to a perturbation in the radiative balance, either by the
change in the short wave radiation or by a change in the outgoing long wave radiation
from the Earth-Atmosphere system. Changes in the outgoing or reﬂected radiation
are caused by changes in the atmospheric components such as clouds, aerosols and
greenhouse gases. Anthropogenic activities increase greenhouse gas (GHG) con-
centration, more speciﬁcally carbon dioxide (CO2) leading to an increase in the
absorption of outgoing radiation or long wave radiation. Monthly averaged 2017
June measurements from the Mauna Lao observatory in Hawaii show an increase in
CO2 concentration to 408 ppm (Paudel et al., 2016) and for the ﬁfth consecutive
year CO2 concentration rose by 2 ppm (Source : https://esrl.noaa.gov/gmd/).
Figure 1.1 shows the annual emission of CO2 in diﬀerent scenarios in IPCC
2013 WGIII (Pachauri et al., 2014). The black line denotes the historical emissions
and coloured lines show the diﬀerent representative concentration pathway (RCP)
scenarios. RCPs are used for making projections of GHGs emissions, land use for
the 21st century. RCP2.6 include strict mitigation scenario, RCP4.5 and RCP6.0 are
the intermediate scenarios. RCP8.5 corresponds to business as usual with very high
emissions. This monotonic increase in CO2 is the main cause for global warming or
climate change. Climate change is evident in all sectors of climate, from extreme
droughts and heat waves (refer Figure 1.2) to large scale ﬂooding, sea level rise and
ice melting.
In the past, the Kyoto protocol was an eﬀort made to control/reduce the emis-
sion of greenhouse gases. An international agreement by diﬀerent international
countries to reduce the emissions, was adopted in December 1997 and implemented
in February 2005 (United Nations, 1998). Linked to the United Nations Framework
Convention on Climate Change (UNFCCC), the Kyoto protocol placed higher re-
sponsibility on developed nations due to their historical emissions. Only 37 countries
had a binding target and many countries did not participate in the second round
target in 2012, that included major developed countries. New hope to combat cli-
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Figure 1.1: CO2 emissions in diﬀerent representative concentration pathways
(RCPs) and diﬀerent emission scenarios used in the IPCC 2013 WGIII ((Figure
reprinted from Pachauri et al., 2014).
mate change arose with the Paris agreement in 2015 (COP21). COP21 is the ﬁrst
ever agreement to have 195 countries to adopt a global climate deal (United Nations
Framework Convention on Climate Change, 2015). The agreement aims to limit the
increase of temperature to 2.0◦C. However the larger ineﬃciency to control the
greenhouse gas emissions and the associated global warming lead to the emergence
of a new ﬁeld broadly known as Climate Engineering (CE).
1.2 Climate Engineering
Climate engineering is deﬁned as the large scale intervention in the climate to control
or reduce global warming. Crutzen (2006) suggested climate engineering as an
option for balancing global warming. He stated that mitigation was the better
choice and climate engineering should only be implemented in case of catastrophic
climate change, such as when an important tipping point was imminently passed.
CE is broadly classiﬁed into Carbon dioxide removal (CDR) and Solar Radiation
Management (SRM). CDR aims at removal and storage of atmospheric CO2, so as to
treat the cause of global warming. In turn SRM targets reducing the absorbed solar
radiation thereby reducing the temperature. Figure 1.3 show diﬀerent proposed CE
techniques for both CDR and SRM.
1.2. Climate Engineering 3
Figure 1.2: Melted roads during a heat wave of more than 50◦C in Delhi, In-




Carbon dioxide removal [CDR] techniques are the proposed techniques in CE to
reduce atmospheric CO2. Once emitted to the atmosphere, CO2 prevails in the
atmosphere for several 100 years (Solomon et al., 2009). CO2 emissions have long
lasting consequences on climate change and humankind. Increased CO2 emissions
into the atmosphere increase the net ﬂow of CO2 into the ocean as well. Diﬀer-
ent methods of CDR are iron fertilisation, artiﬁcial upwelling, alkalinity addition,
aﬀorestation, CO2 air capture and storage and are brieﬂy discussed in the following.
In a steady state, globally the net air sea CO2 ﬂux is zero, however, locally
the balance can be disrupted. Ocean surface regions in which more CO2 is lost
to the atmosphere than absorbed are termed as ineﬃcient biological pump. Iron
fertilisation is a potential option to increase the absorption of CO2 from the atmo-
sphere and hence increase the biological pump eﬃciency. Iron fertilisation increases
the production of phytoplankton and thus increases the process of photosynthesis.
During photosynthesis inorganic carbon dissolved in the ocean surface is converted
into organic carbon and this organic carbon may sink to the deep ocean. Thus, this
technique helps to reduce the surface dissolved carbon and enhances CO2 absorption
from the atmosphere (Jin et al., 2008).
Ocean upwelling on the other hand brings nutrient rich water from the deep
ocean to the ocean surface. This increases the phytoplankton production. Similar
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Figure 1.3: Schematic picture of proposed CE methods. Cloud seeding, reﬂec-
tive aerosols and space mirrors correspond to the solar radiation management tech-
niques and aﬀorestation, iron fertilisation, alkalinity addition, artiﬁcial upwelling,
CO2 air capture and storage correspond to the carbon dioxide removal techniques.
(Figure reprinted from DFG SPP (http://www.spp-climate-engineering.de/focus-
program.html).
to the process of ocean fertilisation, the ocean upwelling method also increases
the absorption of CO2 (Oschlies et al., 2010). For implementing ocean upwelling,
Lovelock and Rapley (2007) suggest to use 200 m long ﬂap-valve operated ocean
pipes to bring nutrient rich deep ocean waters to the ocean surface and increase the
fertilisation. This process increases the algae production which increases the CO2
transportation to deep ocean.
Alkalinity addition by adding limestone (CaCO3) is another proposed method
to facilitate the increase in CO2 absorption by the ocean (Harvey, 2008). CO2
reaching ocean surface combines with water to form weak carbonic acid (H2CO3).
Carbonic acid then dissociates to H+ ions and bicarbonate (HCO3−). Increase in
H+ ions increases the acidity of ocean water. This is balanced by the consumption
of H+ ion by carbonate (CO3−) ions present in the ocean. However, as the ocean
acidity increases concentration of carbonate ions decreases. Hence addition of ﬁnely
ground limestone (CaCO3) which dissolves to calcium ion (Ca2+) and carbonate ion
(CO3−), increases the carbonate ion source and thus reduces the ocean acidity. This
processes helps to increase the CO2 absorption from the atmosphere. This method
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would mostly be applied over upwelling regions, where the CaCO3 could dissolve
to the mixed layer and further increase the CO2 absorption from the atmosphere.
Aﬀorestation aims at increasing the absorption of CO2 by increasing land veg-
etation on a large scale so as to have an impact on global climate. Even though
aﬀorestation is claimed to be 'green solution' it has potential impacts on biodiversity,
food production as well as space availability for plantation (Heck et al., 2016).
Capture and storage of CO2 is the other method apart from aﬀorestation which
is in action presently (small scale) to control the CO2 concentration. CO2 capture
is more likely to be a main application at large point sources such as industrial
factories, fossil fuel plants etc. CO2 capturing from small and mobile sources is
more complex and expensive (Liu et al., 2011). Geological storage of CO2 aims
to store CO2 in deep rock formations, so as to avoid emission of CO2 back into
the atmosphere (Metz, 2005). Ocean storage is another option to store CO2 by
deliberately injecting captured CO2 into the deep ocean. Two other options for CO2
storage are mineral carbonation and industrial utilization (Metz, 2005). In mineral
carbonation, CO2 reacts with metal oxide to form carbonate. These carbonate solids
can then be stored at a suitable environmental location (Metz, 2005). For industrial
utilization, CO2 is made available as feedstock for commercial purpose.
Even for an extreme CDR scenario, removal of all anthropogenic CO2 on a cen-
tennial timescale would only reduce the warming by less than 50% of the warming
experienced at the time of the removal. With instantaneous removal of CO2, at-
mospheric CO2 restores to pre-industrial level, however release of CO2 from both
the land biosphere and ocean cause an overshoot in CO2 concentration. Hence,
even if all the excess CO2 is instantaneously removed and maintained, there will be
substantial climate change for decades (Cao and Caldeira, 2010).
CDR is also costlier and less eﬀective compared to SRM techniques (Caldeira
et al., 2013). However, with a prolonged application over long period, CDR could
reduce future atmospheric CO2 concentrations and, in contrast to SRM, in the long
run, almost completely remove the global climate change problem.
1.2.2 Solar Radiation Management
Solar Radiation Management (SRM) techniques consist of diﬀerent methods of CE
to reduce the solar radiation absorbed by the earth system. Proposed techniques
include, a)satellites in space (mirrors), b) Stratospheric aerosol injection (SAI),
c)marine cloud brightening (MCB), d) more reﬂective ocean surfaces, e) more re-
ﬂective plants and f) whitening roof and buildings.
Among diﬀerent SRM techniques, SAI and MCB were mostly explored by recent
studies, since these schemes are assessed to be most cost-eﬀective (Shepherd et al.,
2009).
In the SAI method, aerosols are injected into the stratosphere where their life-
time is substantially larger than in the troposphere since wet scavenging is negligible.
Even though there are diﬀerent proposed engineering particles, SAI using sulphate
aerosol is mostly explored. These sulphate aerosols increase the reﬂection of solar
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Figure 1.4: A schematic picture of diﬀerent proposed SRM methods (Source :
Caldeira et al. (2013))
radiation back to space. This method mimics a volcanic eruption, which causes
a decrease in temperature due to the reﬂection of solar radiation by the sulphate
aerosols produced from the volcanoes. Injection of sulphate aerosols into the strato-
sphere would cool the planet but may produce local droughts, ozone depletion and
reduce solar power production (Robock et al., 2009). The radiative forcing of SAI
does not increase in proportion with increasing emission rates of sulphur (Niemeier
et al., 2011). This is because aerosol size increases with increase in emission and as
a result lifetime of aerosol decreases. There are other factors also such as emission
height and chemical composition of emissions inﬂuencing the radiative forcing of
SAI. SAI is considered as a planetary scale CE because sulphate aerosol injected at
the equator would be distributed also to higher latitudes due to the circulation in
the stratosphere.
In MCB, the method aims at increasing the solar radiation by increasing the
albedo of marine stratocumulus clouds. Ship tracks are considered as natural analog
for this method (Robock et al., 2013).
This thesis focuses on diﬀerent aspects of marine cloud brightening. The follow-
ing research questions are addressed in this thesis 1)What are the temporal, spatial
and intensity scales needed to detect the experiment using satellite observations as
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Figure 1.5: Schematic picture of ﬁrst indirect eﬀect of aerosols. Left panel
with darker clouds of low albedo composed of smaller number of larger
droplets. Right panel show bighter clouds (high albedo) due to larger
number of smaller droplets. (Source : NASA image by Robert Simmon
(https://earthobservatory.nasa.gov/Features/Aerosols/page4.php))
well as model simulations with statistical signiﬁcance? 2) To which extend can
MCB counterbalance the climate change in its mean and in extreme events due to
global warming? How do extreme eﬀects change at terminating the MCB?
1.3 Marine Cloud Brightening
MCB is based on the principle of the radiative forcing by aerosol-cloud interactions
(Figure 1.5). Aerosols are tiny particles suspended in the atmosphere with diameters
of the order of several nanometers to few micrometers. Scattering and absorption
of incoming solar radiation and long wave radiation by aerosols is termed as the
radiative forcing due to aerosol-radiation interactions. Forcing due to the interaction
of aerosols with clouds is the most uncertain forcing in anthropogenic climate change
(Boucher et al., 2013). Enhanced CCN concentration increases the cloud droplet
number concentrations and hence for constant liquid water content reduces the
particle sizes. Reduction in particle sizes enhances the scattering cross section and
cloud albedo is increased compared to less CCN scenarios. This constitutes the
radiative forcing due to aerosol-cloud interaction formerly called ﬁrst aerosol indirect
eﬀect.
Change in the cloud particle size impacts the collision and coalescence process
and the fall velocity which is a non linear function of particle size. This delays
the precipitation formation and may lead to further increase in cloud depth as
well as cloud fraction (Albrecht, 1989). This in turn enhances the albedo of liquid
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water clouds. However the eﬀect of cloud particle size change on cloud cover is still
disputed (Wood, 2007). For liquid water clouds, a decrease in particle size increases
the chances of evaporation of the smaller droplets due to larger surface to volume
ratio and hence may lead to fewer, thinner clouds. All these complex aerosol cloud
interactions are referred as adjustment to the aerosol cloud interactions or, formerly,
second aerosol indirect eﬀect.
Aerosol-cloud interactions are highly uncertain and complex. Aerosol-cloud in-
teractions remain a challenge to represent in climate models. Although, the rep-
resentation of these processes in models has improved over the course of time, the
conﬁdence in such representation still remains weak (Boucher et al., 2013). This
is one of the major uncertainty in estimating climate sensitivity1 and hence future
climate prediction (Boucher et al., 2013).
The study by Anderson et al. (2003) shows that the aerosol forcing magnitude
and its uncertainty may aﬀect the total forcing and hence the estimation of climate
sensitivity is uncertain. Aerosol forcing can be calculated using forward or inverse
calculations. Anderson et al. (2003) studied the eﬀect of these two independent
calculations and found that in the inverse calculations aerosol forcing is around -1
Wm−2 with an uncertainty range of -1 Wm−2 to -1.9 Wm−2. For the forward
calculations, aerosol forcing is estimated as -1.5 Wm−2 with an uncertainty range
that extends beyond -3 Wm−2. Almost all climate models have used aerosol forcing
values consistent with inverse method. But climate models are used for the "for-
ward" calculations, and their estimates (in the Anderson et al. (2003) compilation)
are not consistent with the inverse methods. These uncertainties largely aﬀect the
total forcing as well as the climate sensitivity.
Even though there is large uncertainty in aerosol-cloud interactions there are
ample evidences that aerosol concentration increases can enhance cloud albedo. Ship
tracks are instances of aerosol-cloud interactions and are considered as a natural
analog for MCB.
1.3.1 Ship tracks
Ship tracks are bright lines in the marine low level clouds and these lines are de-
tectable from satellite observations. Ship tracks occur in low level clouds close to
the surface (Coakley JR et al., 2000). These lines resulting from the enhanced CCN
contribution from the ship exhaust leads to CDNC increase and eventually cloud
albedo enhancement. Ship exhaust provide a clear cloud signal of albedo enhance-
ment from aerosol-cloud interaction depending on the prevailing conditions.
The radiative eﬀect of ship tracks can be as large as 100 Wm−2 at ship tracks
and the vicinity of the ship tracks but over the globe, the eﬀect is negligible (Robock
et al., 2013). Eﬀect of the ship tracks may become much large in cases where struc-
tural changes of marine stratocumulus from open to closed cell are triggered (Goren
1Climate sensitivity is the change in global mean surface temperature with doubling of CO2
concentration. The likely range of climate sensitivity is between 1.5◦C to 4.5◦C (Stocker et al.,
2013).
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and Rosenfeld, 2012). Precipitation suppression or delay was observed in stratiform
clouds due to ship exhaust inﬂuence (Kaufman et al., 2002). Even though global
impact of ship tracks are still uncertain, ship tracks provides ample opportunity to
study aerosol-cloud interactions.
1.3.2 State of art
Latham (1990) proposed the MCB technique as an idea to control 2 × CO2 global
warming. Wind driven spray vessels were proposed to generate the desired sea salt
for the MCB experiment (Salter et al., 2008).
Connolly et al. (2014) examined the eﬀect of aerosol particle size distribution
on activation and droplet growth by altering the aerosol particle size distribution.
They only accounted for the Twomey eﬀect and did not consider other macrophysical
responses (cloud adjustments). Particles within the median dry diameter range of
30 - 100 nm are found to be most eﬀective for MCB.
Latham (2002) suggested that MCB deployment could be conducted over marine
stratocumulus where they occur. Other studies also suggested that MCB experiment
might be best suited over marine stratocumulus regions oﬀ the west coasts of the
major continents (Salter et al., 2008). These regions are found to be high in cloud
susceptibility i.e. the change in cloud albedo with change in cloud droplet number
concentration (CDNC) (Alterskjær et al., 2012). Alterskjær et al. (2012) found that
large regions in the subtropics with low aerosol concentration and large cloud droplet
eﬀective radius where most susceptible.
1.3.3 Eﬀectiveness and side eﬀects
Several climate modeling studies have shown the potential eﬀectiveness of the MCB
technique for compensating global warming (Alterskjaer et al., 2013; Jones et al.,
2009). Besides the eﬀectiveness of the method, there are several side eﬀects for
the technique. One of the main side eﬀects of MCB is the change in precipitation
pattern. Model studies have shown suppression of evaporation and reduced precipi-
tation over low-latitude oceans and vice-versa over low-latitude land regions due to
MCB (Alterskjaer et al., 2013). This aspect of MCB is attributed not only to the
inﬂuence on autoconversion but also on the change in large scale dynamics leading to
an increased vertical motion and convective precipitation over land and compensat-
ing eﬀect of decreased precipitation over ocean (Niemeier et al., 2013). Some studies
also show a reduction in mean precipitation over the Amazon rainforest area due to
MCB (Jones et al., 2009; John et al., 2012). A change in the region of implemen-
tation of MCB changed the precipitation reduction in Amazon, thus emphasising
on the local eﬀect of MCB (Jones et al., 2011). Due to this local eﬀects, MCB is
more eﬀective in the tropics and subtropics where there are suﬃcient stratocumulus
clouds compared to polar regions. Also in polar nights this method is entirely not
eﬀective as all SRM techniques. Thus some of the polar warming eﬀects such as ice
melting and sea level rise can't be controlled with MCB.
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As discussed above, MCB have several localised side eﬀects. However, there
are some studies showing the possible usefulness of localised impacts of MCB. For
example, John et al. (2012) examines the potential eﬃciency of MCB to cool the
ocean surface over hurricane regions to weaken the hurricane development. Similarly
Latham et al. (2013) examine the application of MCB in cooling the ocean surface
over coral reef regions to reduce the coral bleaching caused by increased sea surface
temperatures. Results suggest coral bleaching is eliminated with the implementation
of MCB over the coral reef regions.
1.3.4 Termination eﬀect
The termination eﬀect is deﬁned as the eﬀect of abrupt ceasing of CE deployment
(Jones et al., 2013). Several modeling studies have investigated the termination
of MCB deployment (Alterskjaer et al., 2013; Aswathy et al., 2015). Termina-
tion of MCB results in abrupt increase of temperature and recovers to the non-
geoengineering scenario within a few years duration see also Brasseur and Roeckner
(2005). Thus, once implemented, termination of MCB leads to a a period of much
more rapid warming compared to the non geoengineering global warming scenario.
Termination of MCB leads to stronger increase in temperature over land than ocean.
Precipitation shows a larger increase in precipitation over ocean than land regions
due to termination. Thus termination of MCB results in complete reversal of the
geoengineered climate as all SRM techniques.
This thesis consists of the following chapters based on these research questions.
1) What does it take so that MCB experiments can be detected and what are
the temporal, spatial and intensity scales needed to detect the experiment? 2) To
which extend MCB can counterbalance the extreme events due to global warming?
What are the extreme eﬀects of terminating the MCB?
1) Chapter2 : How large, long and intense does a marine cloud bright-
ening ﬁeld experiment need to be?
2) Chapter3 : Detectability of marine cloud brightening experiment :
sensitivity simulations with the ECHAM GCM
3) Chapter4 : Climate extremes in multi-model simulations of strato-
spheric aerosol and marine cloud brightening climate engineering
4) Chapter5 : Summary and conclusions
Chapter 2
How large, long and intense does
a marine cloud brightening ﬁeld
experiment need to be?
Abstract
The detection limit of a hypothetical marine cloud brightening
ﬁeld experiment for a given level of statistical signiﬁcance is anal-
ysed using satellite observations. We explored how large in space,
how long in time, and how intense in cloud droplet number concen-
tration perturbation a ﬁeld experiment would need to be to detect
a change in albedo associated with a marine cloud brightening ex-
periment. We focus on an experiment small enough to prevent any
climatic impact and large enough to be detectable. The detection
limit of marine cloud brightening is analysed by two diﬀerent ap-
proaches, (i) analytical method and (ii) a stochastic method. The
analytical method assesses the radiative forcing by aerosol-cloud
interactions for an idealised perturbation of the droplet concentra-
tion while all other cloud parameters are kept ﬁxed. The second
method is a stochastic method to predict the possible outcome
of albedo with change in the cloud droplet number concentration.
The stochastic method includes the radiative forcing and the cloud
adjustment eﬀects of perturbing cloud droplet number concentra-
tion. The detection limit of the hypothetical experiment is a trade
oﬀ between the intensity of the perturbation of the cloud droplet
number concentration, the duration of experiment and the domain
size of the experiment. From the analytical method, it is evident
that the detection limit values for both the South Atlantic region
and the South Paciﬁc region are reached with less intervention
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compared to the North Paciﬁc region. In the North Paciﬁc region,
detectability is hindered by the large cloud albedo variability. In
the Stochastic method, larger domain size as well as longer duration
are required for the detection of the hypothetical ﬁeld experiment.
The most eﬀective option to detect a hypothetical ﬁeld experiment
is to increase the time duration of the experiment and the least
eﬀective is to increase the domain size of the experiment.
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2.1 Introduction
Marine Cloud Brightening (MCB) is one of the proposed techniques
in Climate Engineering (CE) to counterbalance anthropogenic green-
house warming. MCB is based on the principle of the Twomey
eﬀect (Twomey, 1974). Ship tracks over ocean regions are consid-
ered as an analogue to this technique (Robock et al., 2013). Several
modeling studies have already shown the potential of MCB in re-
ducing the mean surface temperature (Latham, 2002; Jones et al.,
2009; Alterskjaer et al., 2013).
However, besides the possible beneﬁts of this technique to reduce
global warming, many studies also indicate the side eﬀects of imple-
menting MCB ( eg. the hydrological cycle response (Tilmes et al.,
2013), precipitation change over land and ocean regions (Altersk-
jaer et al., 2013), adverse eﬀects due to termination (Jones et al.,
2013), inadequacy in alleviating some extreme events (Aswathy
et al., 2015)).
The idea of MCB is to exploit the radiative forcing of aerosol-
cloud interactions. Aerosol cloud interactions are highly uncertain
(Boucher et al., 2013) and can be decomposed into two factors.
The ﬁrst one is due to the sensitivity of cloud droplet number
concentration (Nd) to changes in aerosol concentration and the
second one is sensitivity of the planetary albedo to a perturbation

















The ﬁrst term on the right hand side denotes the Twomey ef-
fect, i.e. the change in planetary albedo with a change in Nd at
constant cloud fraction and cloud liquid water path, and the other
two terms on denote the eﬀect of Nd on cloud fraction (f) and
liquid water path (L). Although there are lots of studies address-
ing on the eﬀect of Nd on albedo (eg:, weekly cycle over Europe
(Quaas et al., 2009), disparity between the more anthropogenic
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northern hemisphere and less polluted southern hemisphere (Feng
and Ramanathan, 2010)) a clear , observations-based, large-scale
evidence for the total aerosol-cloud eﬀect is still lacking (Quaas,
2015). Even though ship tracks provide a good analog for the an-
thropogenic inﬂuence on albedo, the study by Peters et al. (2012)
found no statistically signiﬁcant large scale modiﬁcation of clouds
or radiation due to ship emissions. This is because of the high nat-
ural variability of clouds and low signal to noise ratio (Stevens and
Feingold, 2009). This diﬃculty in detecting, attributing and quan-
tifying radiative eﬀects of the (inadvertent) anthropogenic aerosol
- cloud interactions is the basis of the hypothesis assessed in the
present chapter.
Considering that a next step in research on MCB would be a
ﬁeld experiment assessing its technical and practical feasibility, on
the basis of the results discussed in the previous paragraph, we
hypothesize that it might prove challenging to design an MCB ﬁeld
experiment that allows to obtain a statistically signiﬁcant result.
An experiment can be scaled in three dimensions (i) spatial ex-
tent, (ii) temporal extent (duration of experiment) and (iii) amount
of perturbation in Nd. From a political perspective, it is of great
importance to know 'when' and 'where' such an experiment is con-
ducted. As a scientiﬁc question, detection of the eﬀects of CE
enables to address the eﬃcacy of the technique itself (Seidel et al.,
2014). The signal to noise ratio for attribution of local tempera-
ture change and especially local precipitation change due to SRM
techniques is very low (MacMynowski et al., 2011). However, attri-
bution of the immediate eﬀect of the technique, namely the albedo
change, is more feasible (Seidel et al., 2014).
Hence in this chapter we try to explore how large in space, how
long in time, and how intense in cloud droplet number concentra-
tion perturbation a ﬁeld experiment would need to be to detect a
change in albedo associated with a marine cloud brightening ex-
periment with statistical signiﬁcance given the natural variability
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in clouds.
The detectability of a CE ﬁeld experiment has been addressed
in two previous studies. MacMynowski et al. (2011) studied the
signal to noise ratio of temperature and precipitation change due
to SRM using simulations with the HadCM3L general circulation
model. The model simulations used ﬁxed pre-industrial greenhouse
gas concentrations with varying solar constant as a proxy of SRM.
For the study, SRM techniques in general were considered and the
detection was based on the signal to noise ratio. The study exam-
ined the trade oﬀ between magnitude and duration of the test and
its ability to provide a climate response from the background noise.
They found that the precipitation changes over land for a short pe-
riod forcing are larger than that for slowly varying changes. At the
model grid scale and at a forcing of 1Wm−2, the time required to
detect a regional temperature change at a 95% conﬁdence level is
about 50 years and for local precipitation change it is even more.
They conclude that it is diﬃcult to attribute local changes to SRM.
Seidel et al. (2014) discuss the detection limit for planetary
albedo perturbations for SRM scenarios using satellite retrievals
of the top-of-atmosphere radiation budget. Their method involved
perturbing the planetary albedo until the increased albedo was sig-
niﬁcantly diﬀerent from the climatology. CERES data with a spa-
tial resolution of 1◦ and temporal resolution of a month was used.
According to their study, an abrupt global average albedo increase
of < 0.002 within a year cannot be detected with signiﬁcance for
reference period of 5 years. For a three month experiment in the
equatorial zone (a likely region for the stratospheric aerosol injec-
tion) a statistical signiﬁcance level of 0.05 for detection of a ﬁeld
experiment required an albedo increase of 0.03. In the region of the
subtropical Paciﬁc, which is a target region for MCB, detection is
possible with an albedo increase of 0.02. Similar to MacMynowski
et al. (2011), Seidel et al. (2014) also don't assume any speciﬁc
SRM scheme for the study but rather assumed top-of-atmosphere
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albedo perturbations.
Satellite observations are well suited for aerosol studies of long
duration and large area (Kaufman et al., 2002). In this chapter
we speciﬁcally analyse marine cloud brightening. The statistical
analysis employs two diﬀerent approaches. The analytical method
assesses the radiative forcing by aerosol-cloud interactions for an
idealised perturbation of the droplet concentration (Nd (Twomey
eﬀect) Section2.2.3), all other cloud parameters kept ﬁxed. How-
ever this method does not allow to quantify uncertainties associated
with the cloud adjustments to the perturbation. Hence we include
a stochastic method to predict the possible outcome of albedo with
change in the Nd (Section 2.2.4). In this latter method we include
the radiative forcing and the cloud adjustments eﬀects of perturb-
ing Nd. According to the Albrecht eﬀect (Albrecht, 1989) (cloud
adjustments), an increase in Nd will lead to suppressing precipi-
tation and hence increase in liquid water path and cloud lifetime.
Studies have also shown that an increase in Nd may lead to con-
version of open cell clouds to closed cell, thereby increasing cloud
cover (Chen et al., 2015).
In this study we use higher temporal and spatial resolution data
than the previous study by Seidel et al. (2014) which allows us to
also investigate smaller-scale experiments.
In the present study we do not address the technical feasibility
for the MCB experiment.
2.2 Data and Methodology
We use top of atmosphere radiation budget retrievals from the
Cloud and the Earth's Radiant Energy System (CERES) (Loeb and
Kato, 2002) instrument together with cloud properties retrieved by
the Moderate-Resolution Imaging Spectrometer (MODIS) (Geier
et al., 2003; Minnis et al., 2004) Both instruments are on-board the
TERRA platform at 705 km polar orbit with an equator crossing
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time of 10.30 am. CERES ﬂux retrievals combined with MODIS
retrieved cloud properties such as cloud optical depth (τc), cloud
particle phase, cloud eﬀective temperature (CET, equivalent black-
body temperature of the cloud), cloud liquid water path (L), cloud
top droplet eﬀective radius (re) and cloud fraction (f) are obtained
from the Single Scanner Footprint (SSF) Edition3A data set at an
approximate nadir resolution of 20 km equivalent diameter. Daily
data for 13 years from 2001 to 2013 are included in the analysis.
2.2.1 Cloud variables and albedo
Cloud albedo
In this study cloud albedo (αcld) is computed from cloud optical
thickness (τc) (for most reliable range of 4≤ τc ≤70, Nakajima and
King (1990)) and asymmetry factor (g) (Ackerman et al., 2000).
This relation assumes horizontally homogeneous conditions with a
zero surface albedo and an incident solar radiation that is uniformly
distributed over the downward hemisphere.
αcld ≈ (1− g)τc
2 + (1− g)τc (2.2)
COD (τc) is from the MODIS retrievals, and asymmetry factor
g is derived from the equation
g = c0+c1×(log10 re)+c2×(log10 re)2+c3×(log10 re)3+c4×(log10 re)4
(2.3)
where c0 = 0.70554, c1 = 0.88798, c2 = -1.8214, c3 = 1.5775 and
c4 = -0.46293 (Rockell et al., 1991)
Cloud albedo is also computed from CERES ﬂux measurements
collocated with MODIS pixels of cloud fraction greater than zero
for liquid clouds only. Comparison between the two methods show
a good agreement with correlation coeﬃcient of 0.75, 0.81 and
0.80 and regression coeﬃcient of 0.73, 0.78 and 0.80 (excluding
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the higher albedos) for the North Paciﬁc region, the South Pa-
ciﬁc region and the South Atlantic region respectively (Figure 2.1).
CERES retrievals are at a coarse resolution of 20km, but, MODIS
can retrieve cloud properties at much higher spatial resolution
of 1 km, 500m and 250m (Frey et al., 2008) and this study use
MODIS retrieval at 1 km resolution. Partly cloudy at this res-
olution and optically thin clouds (τc < 0.3) are not retrieved
in MODIS (Pincus et al., 2012). Constraining the optical thick-
ness and eﬀective radius within the reliable range reﬁnes the cloud
albedo calculation. Hence we use the cloud albedo calculated from
the MODIS retrieved cloud optical thickness and eﬀective radius.
Figure 2.1: Joint histogram of cloud albedo MODIS - cloud albedo CERES for
the year 2013. MODIS cloud albedo is computed from the retrieved τc and re and
averaged to the CERES footprint at 20 km resolution. Daily (instantaneous) data
are used.
Clear Sky albedo
Clear sky albedo (αclr) for the regions of study is obtained from
the albedo retrievals of CERES for cases identiﬁed as clear-sky by
the MODIS cloud fraction (f = 0).
Cloud droplet number concentration
Assuming adiabaticity for liquid water clouds, cloud droplet
number concentration (Nd) can be derived from τc and re (Quaas
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et al., 2006). We use only the most reliable retrieval range of 4µm




where γ = 1.37 · 10−5m−0.5.
All sky albedo
All sky albedo for the stratocumulus regions is calculated using
the top of the atmosphere (TOA) shortwave ﬂux from the CERES
data set. TOA insolation is calculated from the Earth-Sun distance
factor and the solar zenith angle using the equation from Bird and
Riordan (1986). All sky albedo is obtained from the ratio of TOA
outgoing shortwave ﬂux to the TOA insolation.
2.2.2 Perturbation of all sky albedo
As stated earlier, a marine cloud brightening experiment aims at
increasing the Nd of liquid clouds to enhance the albedo of the
cloud. Besides the albedo eﬀect due to the Nd perturbation (ra-
diative forcing due to aerosol-cloud interactions), cloud liquid wa-
ter path and/or cloud fraction (cloud adjustments) may also be
aﬀected. We estimate the eﬀect on all sky albedo due to the Nd
(eﬀective radiative forcing due to aerosol-cloud interactions) per-
turbations.
In this context, it is useful to distinguish between clear-sky and
all-sky albedo:
α = fαcld + (1− f)αclr (2.5)
where αcld is the cloud albedo, f is the cloud fraction of liquid
clouds and αclr is the clear sky albedo.
Albedo in this formulation responds to Nd perturbations as
follows (with the cloudy-sky albedo dependent on cloud parti-
cle number concentration, Nd and cloud water path, L: αcld =
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) + (αcld − αclr) ∂f
∂Nd
(2.8)
The partial derivative terms of Eq 2.8, change in cloud albedo
with change in Nd (
∂αcld
∂Nd




) and change in cloud fraction with respect to change in Nd
( ∂f∂Nd ) are determined using the method described in Section 2.2.4.
Please note that we do not include ( ∂L∂Nd ) term for further calcula-
tions, due to the currently large uncertainty about the response of
L to Nd perturbations.
2.2.3 Analytical method
As a simple, ﬁrst method for the examination of the detectability
of albedo changes due to an MCB experiment we use the analytical
equation from Twomey (1974).








Nd is perturbed by varying intensity from ∆ lnNd = 10% to 100%.
According to Latham (1990), doubling of Nd reduces the droplet
eﬀective radius by 33% which is suﬃcient to oﬀset the warming
eﬀect of doubling of CO2. Hence the maximum perturbation con-
sidered here is 100% or doubling of the actual Nd, similar to the
proposed Nd perturbation in Latham (1990).
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Figure 2.2: Joint histogram of Cloud albedo - Nd (upper panel) and Cloud fraction
- Nd (lower panel) for liquid clouds for the year 2013. Left column is for the North
Paciﬁc region, middle column for the South Paciﬁc region and right column for the
South Atlantic region.
2.2.4 Stochastic method
In order to account not only for a monotonic change in cloud albedo
by a perturbation of Nd with all other conditions kept constant,
but also to allow for a response of cloud fraction with perturba-
tion of Nd and to better account for the large cloud variability, a
stochastic approach is introduced as a more comprehensive alter-
native method. This method allows to examine the more uncertain
changes in all-sky albedo with a perturbation of Nd.
As an initial step, the joint histograms of the pairs of cloud
albedo - Nd and cloud fraction - Nd are calculated to assess the
partial derivatives on the right-hand side of Eq 2.8 (Figure 2.2).
Gryspeerdt et al. (2016) show that the non-linearity in the rela-
tionship between two cloud variables makes the joint histogram
analysis more beneﬁcial than a simple linear regression analysis.
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The joint histogram analysis of cloud albedo - Nd for all the
regions shows a positive relationship between cloud albedo and Nd.
For cloud adjustments to Nd perturbations, we investigate cloud
fraction response with Nd. The cloud fraction - Nd relation show
a positive variation for the three regions. This is consistent with
a cloud lifetime eﬀect and conﬁrms previous ﬁndings (Gryspeerdt
et al., 2016).
Joint histograms are normalised so that the sum of the all prob-
abilities for each Nd bin equals to one (Gryspeerdt et al., 2016).
From the normalised joint histograms, the cumulative distribution
functions (CDF) of cloud albedo and cloud fraction with respect
to Nd are calculated. Thus, for a given Nd bin, there is a range of
probable cloud albedo or cloud fraction with a certain cumulative
probability.
Nd over a region, for a time period, is perturbed by altering
the actually retrieved Nd by factors of 10 to 100 % (varying the
intensity of Nd for the hypothetical ﬁeld experiment with 1.1 to
2 times of actual Nd). This stochastic method is then used for
calculating cloud albedo and cloud fraction for the perturbed Nd.
A random number between 0 and 1 is drawn for each time step.
The perturbed cloud quantity (αcld and f respectively) is then
drawn from its CDF (drawn from the random number) for the bin
corresponding to the perturbed Nd.
Perturbed Nd exceeding the scale of the joint histogram are not
included in the calculation, however, this accounts for less than 3%
of perturbed Nd in the three regions.
2.2.5 Signiﬁcance calculation
In the stochastic method, the statistical signiﬁcance of the change
of the all sky albedo (in the year 2013, chosen as the last year of
the time series available to us, as an arbitrary year in which the
hypothetical ﬁeld experiment takes place, equation 2.8) from the
reference climatology of 12 years (2001-2012), making use of mean
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values and variability, is tested using Welch's t-test. Welch's t-test
is a special case of a t-test with unequal variances and unequal
sample size (Welch and Ph, 1936). The statistical signiﬁcance for
the hypothetical ﬁeld experiment is calculated at a conﬁdence level
of 95%.
For the analytical method, the same procedure is used. In the
analytical method, instead of all sky albedo, cloud albedo is per-
turbed in a deterministic way using Eq. 2.9, and compared with
the cloud albedo for a reference period of 12 years from 2001 to
2012. Similar to Seidel et al. (2014), the statistical signiﬁcance is
determined by comparing the daily anomalies of the cloud albedo
of the perturbed and reference cases. Daily anomalies of the cloud
albedo for both the perturbed and the reference cases are calcu-
lated with respect to the cloud albedo from the 12 years of reference
period.
2.2.6 Regions covered
We choose the regions which are favourable for a hypothetical MCB
ﬁeld experiment. According to previous studies, marine stratocu-
mulus decks of sub-tropical oceans are best suited for a marine
cloud brightening experiment (Alterskjær and Kristjánsson, 2013).
Hence we choose three regions namely
1) North Paciﬁc (20◦N to 30◦N , 230 to 240◦E)
2) South Paciﬁc (15◦S to 25◦S , 275 to 285◦E )
3) South Atlantic (10◦S to 20◦S , 0 to 10◦E)
2.3 Results and Discussion
2.3.1 Analytical method
For the analytical method a reference period of 12 years from 2001-
2012 is deﬁned. For the hypothetical experiment, diﬀerent periods
in the year 2013 are chosen, varying from 15 days to one year. Fig-
ure 2.4 shows the change in albedo due to the various perturbations
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Figure 2.3: Map showing the marine stratocumulus regions chosen for the hypo-
thetical marine cloud brightening ﬁeld experiment.
Table 2.1: Detection limit for analytical method in terms of duration of the experi-
ment - Nd perturbation intensity at a domain size of 20 × 20 km2 and domain size
- Nd perturbation intensity at a duration of 30 days. Cloud albedo change required
to detect the experiment is also provided.
Regions Duration - dN/N ∆αcld Domain - dN/N ∆αcld
(days) (%) (km2) (%)
N.Paciﬁc
240 - 30 0.02 1000×1000 - 30 0.02
120 - 80 0.05 540×540 - 100 0.06
S.Paciﬁc 15 - 40 0.03 40×40 - 40 0.03
S.Atlantic
120 - 10 0.01 640×640 - 10 0.03
30 - 40 0.01 80×80 - 30 0.02
with P values for the three stratocumulus regions chosen for the
MCB experiment. Please refer to section 2.2.5 for the methodology
details.
The detection limit i.e. the point at which the cloud albedo
change is marginally statistically signiﬁcant varies from one region
to another. The detection limit of regions is a trade-oﬀ between
the intensity of perturbation Nd and duration or domain size of
experiment. As expected, with the increase in the Nd perturbation
of the experiment, time duration and domain size, the possibility
of detecting an experiment increases.
In terms of the intensity of perturbation of Nd needed to detect
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Figure 2.4: Change in cloud albedo due to various intensities of theNd perturbations
assessed by the analytical method for the year 2013. The upper panel represents
duration of experiment - intensity of Nd perturbation for a domain size of 20 ×
20 km2. Lower panel: domain size of experiment - intensity of Nd perturbation for
a duration of 30 days. Left column is for the North Paciﬁc region, middle column for
the South Paciﬁc region and right most column for the South Atlantic region. Dotted
region in the ﬁgure indicate statistically signiﬁcant changes. in comparison to the
de-seasonalized 12-year reference period for the same region, at a 95% signiﬁcance
level according to a Welch's t-test.
the hypothetical experiment, the South Atlantic region is the best
suited region and the North Paciﬁc region and the South Paciﬁc
region follow in descending order. However, based on the time
duration needed to detect the experiment, the South Paciﬁc region
requires a shorter duration of 15 days at a domain size of 20 ×
20 km2 and the South Atlantic region require double of that of
the South Paciﬁc region and the North Paciﬁc region needs the
longest duration of among the three regions. Finally, with respect
to domain size, the South Paciﬁc region require smaller domain
size for detection compared to the South Atlantic and the North
Paciﬁc regions (Table 2.1).
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As mentioned earlier, the detection limit is a trade oﬀ between
intensity of perturbation ofNd, duration of experiment and domain
size of the experiment. In the following discussion, the detection
limit is expressed either as a combination of intensity of pertur-
bation of Nd and duration of experiment for a given domain size
or as intensity of perturbation of Nd and domain size needed for
the experiment for a give duration, in order to show results as a
two-dimensional diagram.
As shown in Figure 2.4, the detection limit of the South Atlantic
region is at 10% perturbation of Nd for a duration of 120 days or
at a larger intensity of perturbation of 40% for a shorter duration
of 30 days. For the South Paciﬁc region detection limit is clearly
deﬁned at 40% perturbation and 15 days duration. The North
Paciﬁc region, the least detectable region among the three, has a
detection limit either at 30% perturbation of Nd and 240 days or
with a larger perturbation intensity of 80% and shorter duration
of 120 days. These values are determined for a ﬁxed domain size
of 20 × 20 km2
From the bottom panel of Figure 2.4, the detection of the South
Atlantic region is possible at a small perturbation of Nd at 10%
but at a large domain size of 640 × 640 km2, but by increasing
the perturbation intensity of Nd from 10% to 30%, the domain size
required to detect the experiment reduces to 80 × 80 km2. The
South Paciﬁc region has a detection limit at 40% perturbation of
Nd and 40 × 40 km2 domain size. Detectability of the experiment
at the North Paciﬁc region is feasible at 30% perturbation intensity
ofNd, but for a larger domain size of 1000× 1000 km2, however, for
a much larger perturbation intensity ofNd of 100% , the experiment
is detectable at a domain size of 600 × 600 km2.
In general, it is evident that the detectability of a hypothetical
MCB ﬁeld experiment is in the decreasing order from the South
Paciﬁc region, the South Atlantic region to the North Paciﬁc re-
gion (Figure 2.4). The diﬀerence in the detection limit among the
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regions is due to the variance of cloud albedo. The North Paciﬁc
region exhibits the highest variability among the three regions. As
expected, high variability leads to hindrance in easy detection of
an MCB experiment.
The cloud albedo change for detecting an MCB experiment
varies from ≈ 1 - 6% for the diﬀerent regions. The North Pa-
ciﬁc region has the largest detection limit of 2 - 6% and the South
Atlantic region has the smallest detection limit of 1%. Values of
the detection limits are similar to the values reported in Seidel
et al. (2014).
The cloud albedo change needed to detect the experiment in the
Nd perturbation intensity - domain size is equal to or larger than
the Nd perturbation intensity - duration of experiment (Table 2.1).
For the hypothetical ﬁeld experiment in the North Paciﬁc region,
reducing the duration of the experiment by half (from 240 days
to 120 days) demands an increase in the intensity of perturbation
of Nd by more than double (≈ 2.7) for the experiment to be de-
tectable. Similarly, in the South Atlantic region, a reduction in the
spatial domain size by a factor of 64 (from 640 × 640 km2 to 80 ×
80 km2) requires only a three fold increase in the Nd perturbation
intensity for the ﬁeld experiment to be detectable. Hence, com-
paring the detection limit in terms of Nd perturbation intensity
- duration of experiment and Nd perturbation intensity - domain
size, it is clear that the most eﬀective option to detect the exper-
iment is to increase the time duration of the experiment and the
next eﬀective option is to increase the Nd perturbation intensity
and the least eﬀective is the increase in the domain size. Further-
more, a cost eﬀective way to detect the ﬁeld experiment would also
be to use a longer duration of the experiment, as more intensity of
Nd perturbation might be diﬃcult to achieve technically and larger
domain sizes means more number of ships to seed the region.
In the results, we noticed that the detection limit, or the P
value change, is not perfectly monotonic (Figure 2.4e). This is
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Table 2.2: Detection limit for stochastic method in terms of duration of the exper-
iment - Nd perturbation intensity at a domain size of 200 × 200 km2 and domain
size - Nd perturbation intensity at a duration of 60 days. All sky albedo change
required to detect the experiment is also provided.
Regions Duration - dN/N ∆α Domain - dN/N ∆α
(days) (%) (km2) (%)
N.Paciﬁc
180 - 10 0.02 400×400 - 40 0.03
- - 260×260 - 60 0.04
S.Paciﬁc
15 - 10 0.03 160×160 - 10 0.03
- - 60×60 - 50 0.03
S.Atlantic
15 - 10 0.05 320×320 - 30 0.04
- - 200×200 - 50 0.04
because the diﬀerence between the cloud albedo in the perturbed
case and in the reference case sometimes varies from a negative to
a positive values. This occurs in situations where the year 2013,
arbitrarily chosen for the perturbation since it is the last year of
the satellite time series available to us, by natural variability the
cloud albedo is lower than the climatological (2001 - 2012) average
for the relevant season (Please note that in the Figure 2.4, relative
cloud albedo change is shown for the perturbed 2013 with respect
to the unperturbed 2013, not with respect to the the climatological
average and hence this transition from negative to positive value
is not depicted in the ﬁgure). In such transition cases, when the
diﬀerence is nearly zero, the P values becomes high. Thus the P
value varies from a low to high and again low value, hence not
monotonic.
2.3.2 Stochastic method
The stochastic method includes, besides the radiative forcing due
to aerosol-cloud interactions (albedo change due to Nd perturba-
tion) also cloud adjustments (eﬀective radiative forcing, only cloud
fraction response considered here).
Figure 2.5 shows the actual albedo change due the ﬁeld exper-
iment with P-value for the stochastic method. The results from
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Figure 2.5: As Fig 2.4, but for change in all sky albedo.
stochastic method are quite diﬀerent from the simpler method. By
construction, the detection limit for the stochastic method is more
variable than for the simple analytical method, since it allows to
take into account more cloud variability.
For a domain size of 200×200 km2, we ﬁnd that for the North
Paciﬁc region, ﬁeld experiments with duration of 180 days or above
for all Nd perturbations are detectable. In the South Paciﬁc region,
detection of the hypothetical experiment is possible from 15 days
and for a minimum 10% increase in Nd. Similar to the South
Paciﬁc region, an experiment in the South Atlantic region also is
detectable from a duration of 15 days and for a 10% increase in
Nd.
The detection limit of the MCB experiment is also expressed in
terms of the seeding domain size and the intensity of perturbation
of Nd for a 60 days duration of the experiment. The North Pa-
ciﬁc region show a detection of the hypothetical ﬁeld experiment
from 400×400 km2 seeding domain size for a 40% Nd perturbation.
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However, an increase in the Nd perturbation from 40% to 60% re-
duces the domain size needed for detection to 260×260 km2. A
ﬁeld experiment in the South Paciﬁc region requires a smaller per-
turbation of Nd by 10% and 160×160 km2 domain size. Increasing
the perturbation of Nd to 50% decreases the domain size needed
for detection to 60×60 km2. The South Atlantic region, detection
of the ﬁeld experiment is feasible from 320×320 km2 domain size
for a 30% Nd perturbation. Similar to the other two regions, in-
creasing the perturbation of Nd decreases the domain size needed
for detection (Table 2.2). Hence for detecting the ﬁeld experiment,
the South Paciﬁc region require less intervention compared to the
other two regions. Table 2.2 summarizes the detection limit for the
stochastic method with the all sky albedo required for the detec-
tion.
Compared to the analytical method the stochastic method re-
quires larger domain size as well as longer duration for the detection
of the hypothetical ﬁeld experiment. Similar to the results in the
analytical method, in the stochastic method also the North Paciﬁc
region is the least detectable. As in the analytical method, to in-
crease the detectability of the experiment, increasing the intensity
of perturbation of Nd is more eﬀective than increasing the domain
size.
2.4 Summary and conclusion
In this study, we focus on determining how large in spatial extent,
how long in temporal duration, and/or how intense in terms of
the droplet concentration perturbation a marine cloud brighten-
ing climate engineering experiment would need to be to obtain a
statistically signiﬁcant perturbation in planetary albedo measur-
able from satellite despite the large natural variability of clouds.
We use satellite observation of CERES -MODIS collocated data
from 2001 to 2013 for the analysis as daily (i.e. instantaneous at
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satellite overpass time) values at a horizontal resolution of approx.
20 km. Since we focus on an MCB experiment, we choose the
stratocumulus decks over sub-tropical oceans, namely the North
Paciﬁc region, the South Paciﬁc region and the South Atlantic re-
gion (Section 2.2.6) that were identiﬁed in earlier studies as most
susceptible to aerosol-cloud interactions.
Two methods are presented to assess a hypothetical cloud bright-
ening experiment by an idealised droplet concentration perturba-
tion. The ﬁrst one considers only the radiative forcing by aerosol-
cloud interactions (cloud albedo response) and applies an analyt-
ical formula of the monotonic increase in cloud albedo with an
increase in Nd. The second one considers the cloud variability, and
also considers cloud adjustments (cloud fraction response), by con-
structing joint histograms between cloud albedo and Nd as well as
cloud fraction and Nd from the satellite observations. This allows
for a stochastic (probabilistic) assessment of the cloud perturba-
tion by cloud seeding. A detection limit is expressed in terms of
a) duration of experiment -Nd perturbation and b) domain size of
experiment -Nd perturbation.
The detection limit of the hypothetical MCB experiment is a
trade oﬀ between intensity of perturbation of Nd, duration of ex-
periment and domain size of the experiment. Detection limit for
the analytical method is monotonically varying and the possibility
of detecting an experiment increases with increase in Nd perturba-
tion, duration of experiment and domain size. From the detection
limit value it is evident that for both the South Atlantic and the
South Paciﬁc region detecting the hypothetical experiment is pos-
sible with a smaller intervention compared to the North Paciﬁc
region. In the North Paciﬁc region, detectability is hindered by
the large cloud albedo variability (Section 2.3.1, Table 2.1).
In the analytical method, in few cases, the detectability of the
MCB experiment is not perfectly monotonic. This occurs in situa-
tions where by natural variability the cloud albedo for the arbitrar-
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ily chosen year for the perturbation is lower than the climatological
average. In such transition cases, the detectability of the hypothet-
ical MCB experiment varies from high to low and again high value,
hence not monotonic.
Comparing the detection limit in terms of Nd perturbation in-
tensity - duration of experiment and Nd perturbation intensity -
domain size, it is clear that the increase in the time duration and
Nd perturbation has more inﬂuence in detection limit than that of
the increase in the domain size (Table 2.1, Section 2.3.1).
In the second method addressing the cloud variability and cloud
adjustments, the detection limit results are quite diﬀerent from
the analytical method. Due to the probabilistic approach, the de-
tection limit for the stochastic method is more variable than for
the simple analytical method. In comparison with the previous
method, the stochastic method requires larger domain size as well
as longer duration for the detection of the hypothetical ﬁeld experi-
ment. In the stochastic method also the North Paciﬁc region is the
least detectable among the three regions. Similar to the analyti-
cal method results, to increase the detectability of the experiment,
an increase in the intensity of perturbation of Nd is more eﬀective
than increase in the domain size.
In this study, we emphasize on the usefulness of characterising
cloud variability when assessing a marine cloud brightening experi-
ment. Based on the two methods, it is clear that the detection of a
hypothetical MCB experiment is easily feasible using an idealised
analytical method, however, including the cloud adjustments along
with the radiative forcing of aerosol cloud interactions made the
detection of the experiment diﬃcult. In the study, the exclusion
of liquid water path response to Nd may aﬀect the detection limit
and this case may decrease the detectability, since liquid water
path could also decrease with Nd increase (Michibata et al., 2016).
Uncertainties and limitations from the assumptions used and the
measurement uncertainties from satellites also inﬂuence the results.
Chapter 3
Detectability of a marine cloud
brightening experiment :
sensitivity simulations with the
ECHAM GCM
Abstract
The detectability of a hypothetical marine cloud brightening
ﬁeld experiment is studied using sensitivity simulations with the
ECHAM GCM. The detection limit is determined by two diﬀerent
methods, (i) a temporal method and (ii) a spatial method. In the
temporal method, a temporal reference of 9 years in the ﬁeld exper-
iment region is used for the analysis, while in the spatial method, a
spatial reference is used, i.e. the perturbed region is compared with
an unperturbed outer region during the ﬁeld experiment period. In
the temporal method analysis, potential experiments in the North
Paciﬁc region are found to be the least detectable compared to the
other regions. In the North Paciﬁc region, high variability in the
albedo hinders an easy detection of MCB. Compared to the tempo-
ral method, detectability of the MCB experiment with the spatial
method is much easier for the North Paciﬁc region. However, for
the other two regions this method does not improve the detection
limit. For all the three regions in the spatial method detectability
decreases when the Nd perturbation increases from 50% to 100%.
This is attributed to the increase in dispersion, namely advection
of enlarged cloud water out of the perturbed regions to the outer
regions. We found that the all sky albedo change is mostly inﬂu-
enced by the cloud liquid water path changes. Cost analysis of the
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project suggests that for an experiment to be cost eﬀective, it is
preferable to design an experiment of longer duration with smaller
domain sizes as well as less intensity of perturbation of Nd.
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3.1 Introduction
This chapter aims at assessing the detectability of a hypothetical
MCB ﬁeld experiment from a modeling perspective. Chapter 2
addressed the detectability using a statistical analysis of satellite
observations. However, satellite studies have limitations of address-
ing cloud adjustments, as well as dynamical feedbacks and this can
impair the results. This limitation is rectiﬁed using an atmospheric
model simulation to the extent the relevant parameterisations are
reliable.
As discussed in Chapter 1, there are quite a few studies address-
ing the beneﬁts and risks of MCB (Alterskjaer et al., 2013; Latham,
2002; Jones et al., 2009). Even though not addressing MCB exper-
iments directly, a few model studies discuss the detection of cloud
albedo enhancement due to aerosol and ship emissions.
Frey et al. (2017) analysed the eﬀects of diﬀerent aerosol types
on cloud albedo over subtropical marine stratocumulus clouds us-
ing CMIP5 models. With enhanced aerosol optical depth they
found an increase in cloud albedo. Addition of anthropogenic
aerosols changed the cloud albedo slightly (< 0.03) compared to
the preindustrial conditions. Composition of the anthropogenic
aerosols also matters in the cloud brightening, sulphate aerosols
causing a larger increase in cloud albedo than non-sulphate aerosols.
They also found that the cloud albedo changes are primarily inﬂu-
enced by liquid water path changes i.e. due to the cloud lifetime
eﬀects in their model.
Although not addressing MCB explicitly, Peters et al. (2014)
studied the eﬀect of ship tracks on tropical warm clouds using
ECHAM5 HAM. In the study, they found that the eﬀect of ship-
ping emissions on cloud properties are not distinguishable from
the natural variability of clouds. This result agreed well with their
previous satellite study (Peters et al., 2011). Only a 10-fold in-
crease in shipping emissions caused a substantial change in liquid
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cloud properties. The study couldn't ﬁnd any signiﬁcant diﬀerence
between regions up and downwind of shipping lanes.
In this study, detection of a hypothetical MCB ﬁeld experiment
is determined based on the statistical signiﬁcance of the change in
all sky albedo. An all sky albedo increase is the primary aim of
MCB and detecting this signal is indicative for the eﬃcacy of the
MCB technique itself (Seidel et al., 2014).
In this chapter, the detection limit of MCB of limited spatial
and temporal extent (a hypothetical ﬁeld experiment) is deter-
mined from a climatological perspective as well as a spatial de-
tection method. In the ﬁrst method, a reference of 9 years for the
region of interest is compared with the perturbed year for the anal-
ysis (temporal reference in the same region) and for the latter the
perturbed region is compared with the unperturbed outer region
(spatial reference at time of the ﬁeld experiment).
3.2 Model and Methodology
3.2.1 ECHAM6 model
ECHAM6 is the sixth generation atmospheric model of the Max
Planck Institute (MPI) Earth System Model (ESM). We use the
model at T63L47 resolution which corresponds to approximately
1.9 ◦ horizontally with 47 vertical levels upto 0.01 hPa. ECHAM6
represents present climate as well as tropical variability better than
previous ECHAM versions (Giorgetta et al., 2013). ECHAM6 has
also improved shortwave irradiances as well as factors inﬂuencing
the clear sky albedo (Giorgetta et al., 2013).
For vapour, liquid and ice phase in ECHAM6 are represented by
prognostic equations (Stevens et al., 2013). Cloud cover fraction is
parameterized using the diagnostic Sundqvist scheme (Sundqvist
et al., 1989), where it is deﬁned as a function of grid mean relative
humidity. Cloud fraction is calculated when the relative humidity
exceeds a threshold value. For stratocumulus clouds, the threshold
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value is set to 0.7 in the free troposphere and 0.9 near the surface.
Cloud droplet number concentration is prescribed and it is kept
constant in ECHAM6. In the atmospheric boundary layer, it is
220cm−3 over land and 80cm−3 over ocean (Stevens et al., 2013).
Cloud optical properties are calculated using Mie theory and the
cloud particle size distribution is assumed to be log-normal.
In ECHAM, the cloud water is represented by prognostic equa-
tions. A cloud life time eﬀect is represented through autoconver-
sion. An increase in Nd decreases the cloud droplet size and hence
reduces the autoconversion rate (Albrecht, 1989). Thus the de-
creasing precipitation eﬃciency (decreases the sink term), increases
the cloud water content. Hence a Nd perturbation inﬂuences the
cloud liquid water path and thus with increasing Nd, cloud water
also increases.
3.2.2 Experimental design
For the experiment, the model is run for ten years with an output
of 6 hourly temporal resolution. The initial 9 years (from 2001
to 2009) are considered as unperturbed control period (no MCB
simulation) and the ﬁnal year (2010) is the MCB period. The
simulations are done with ﬁxed sea surface temperature (SST).
For MCB, the cloud droplet number concentration (Nd) for the
marine boundary layer is increased by varying intensity.
Three cases of MCB ﬁeld experiments are simulated over the
marine subtropical stratocumulus regions. For the three cases,
Nd concentrations are perturbed by increase factors of 10% (10%
MCB), 50% (50% MCB) and 100% (100% MCB) of the control
(prescribed) Nd . These Nd perturbations are retained for the en-
tire year of 2010. Stratocumulus decks of the North Paciﬁc region
(20◦N to 30◦N , 130◦W to 120◦W ), the South Paciﬁc region (15◦S
to 25◦S , 85◦W to 75◦W ) and the South Atlantic region (10◦S to
20◦S , 0◦E to 10◦E) are the regions chosen for the MCB simulations.
Studies have shown these stratocumulus decks over the marine re-
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gions are well suited for marine cloud brightening (Alterskjær et al.,
2012). Over these regions, from the 6 hourly simulations, the time
period corresponding to the TERRA satellite overpass (10.30 a.m.
local time) is used for the analysis. This facilitates a comparison
to the satellite results.
The detection limit of the MCB experiment is deﬁned based
on a statistical test (Section 3.3.2). For the temporal detection
limit analysis, as the model simulation is for 10 years, the com-
parison will focus on the geoengineered case (10thyear) and the
control period (1-9 years). In the spatial method, detectability of
an MCB ﬁeld experiment in the perturbed region is estimated in
comparison with a surrounding unperturbed region for the same
time period in which the perturbation is applied. This scenario
may be useful to detect any MCB deployment only if the location
of the deployment is known. In the previous temporal method,
detection is established in comparison with reference years. This
procedure is applied over a possible domain of MCB deployment
and then compared with the climatological values. This method
does not necessarily need a knowledge of the location of deploy-
ment. The spatial method is similar to the analysis of ship tracks,
where the ship track signals are detected in comparison with the
surrounding pristine or unperturbed regions.
In the following sections, the results from the simulations are
presented.
3.3 Results and Discussion
3.3.1 Changes in Total cloud cover, cloud liquid water path, and
all sky albedo
In this section, changes in the total cloud cover (TCC), cloud liquid
water path and all sky albedo of the geoengineered cases (for the
year 2010) compared to the control simulation (9 years from 2001-
2009) are discussed for the three stratocumulus regions.
3.3. Results and Discussion 39
Figure 3.1: Temporal average of the all sky albedo for the perturbed year 2010
compared to the temporal average for the 9 years of control simulation (2001-2009)
of the diﬀerent MCB cases. In the ﬁgure a) to c) show changes in all sky albedo for
the North Paciﬁc region, d) to f) for the South Paciﬁc region and g) to i) for the
South Atlantic region. Left column for the 10% MCB simulation, middle column
for the 50% MCB simulation and right column for the 100% MCB simulation.
Changes in all sky albedo compared to the control case are
shown in Figure 3.1 for the three MCB simulations (10%, 50%
and 100%) and for the North Paciﬁc, the South Paciﬁc and the
South Atlantic regions. Increasing the Nd of the clouds leads to a
decrease in the droplet size and reduction in the autoconversion.
Hence, increasing the cloud liquid water path (refer 3.2.2). Both
these aspects of the Nd perturbation result in brighter clouds and
larger albedo. The all sky albedo diﬀerence between the MCB and
control case shows an increase with increasing Nd perturbation as
intended.
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Figure 3.2: As in Figure 3.1 but for liquid water path.
Change in cloud liquid water path for the MCB with respect
to the control simulation is shown in Figure 3.2 for 10%, 50% and
100% MCB cases over the North Paciﬁc, the South Paciﬁc and the
South Atlantic regions. Cloud liquid water path shows a monotonic
increase with increase in the perturbation of Nd for all the three
regions.
Figures 3.3 shows the change in total cloud cover due to MCB
(10th year, 2010) with respect to the control simulation (1-9 year,
2001-2009) for the 10%, 50% and 100% MCB cases for the North
Paciﬁc, the South Paciﬁc and the South Atlantic regions. The to-
tal cloud cover change for the stratocumulus decks over the North
Paciﬁc shows little systematic change with increase in the inten-
3.3. Results and Discussion 41
Figure 3.3: As in Figure 3.1 but for total cloud cover.
sity of Nd perturbation of the MCB experiment. In the North
Paciﬁc region, only for the 50% MCB scenario there is slight in-
crease in the TCC. In the South Paciﬁc region, on the contrary,
there is an increase in TCC with increasing MCB intensity. The
South Atlantic region is similar to the North Paciﬁc region with
no systematic increase in TCC with increase in Nd intensity. As
discussed in section 3.2, cloud cover in ECHAM is parameterized
using the diagnostic Sundqvist scheme. In the Sundqvist scheme,
cloud cover depends on the grid mean relative humidity. Hence an
increase in Nd does not aﬀect cloud cover directly. This is evident
in the results shown in Figure 3.3.
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Table 3.1: The detection limit of hypothetical MCB experiment for temporal and
spatial methods in terms of intensity of perturbation ofNd, domain size and duration
of the experiment for the perturbed year 2010. Change in the all sky albedo (2010
perturbed - 2010 unperturbed) required to detect the experiment is also shown.
Nd perturb Domain size Duration ∆α
(%) (km2) (days)
Temporal method
N.Paciﬁc 50 200×200 365 0.04
S.Paciﬁc 10 400×400 15 0.10
S.Atlantic 10 200×200 120 -0.01
Spatial method
N.Paciﬁc 10 400×400 240 0.02
S.Paciﬁc 10 600×600 30 -0.004
S.Atlantic 10 400×400 180 0.01
3.3.2 Signiﬁcance test and detection limit (temporal method)
Detectability of MCB experiment is represented here in terms of
the P value of the Welch's t-test (Welch and Ph, 1936). If the P
value of the diﬀerence between the perturbed and reference case
is < 0.05, then that particular case of MCB experiment is con-
sidered detectable with statistical signiﬁcance, otherwise it is not
detectable.
3.3.2.1 All sky albedo
Figure 3.4 shows the change in all sky albedo due to the pertur-
bation for the year 2010 for the three stratocumulus regions with
P < 0.05 (statistically signiﬁcant perturbations) values denoted in
the dotted region.
For the South Paciﬁc region, the detectability of an MCB ex-
periment during the perturbed period (2010) compared to the con-
trol period of 9 years is very high. Over the South Paciﬁc region,
MCB deployment seems to be easily detectable. Potential detec-
tion is possible from 10% MCB. This could be attributed to the
increase in cloud liquid water path as well as total cloud cover over
the South Paciﬁc region with increased Nd perturbation intensity
(Figure 3.6, 3.5). Increase in these two cloud variables increases
the albedo and hence the detectability. This is discussed in more
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detail in Section 3.3.3. The minimum perturbation required is
approximately 400×400 km2 for 15 days duration with 10% per-
turbation of Nd. The actual change in the all sky albedo required
to detect the MCB experiment for this is 0.10 (Table 3.1). As ex-
pected, detection ability of the experiment increases with the Nd
perturbation.
In the South Atlantic region, an MCB experiment is detectable
at 10% Nd perturbation, but this requires a domain of at least
200×200 km2 with longer duration of 120 days (Table 3.1). How-
ever, for a 50% Nd perturbation, an MCB experiment is simulated
to be detectable at approximately 400×400 km2 and 30 days du-
ration.
The actual change in the all sky albedo required (2010 perturbed
- 2010 unperturbed) to detect the MCB experiment for the South
Atlantic region is slightly negative -0.01 (Table 3.1), this is because
compared to the control period of 9 years, this slight decrease is
still statistically signiﬁcant. This could be attributed to the com-
paratively small variability in the region, because in a region with
high cloud variability (e.g. the North Paciﬁc region), an experi-
ment is detectable only at an increase of 0.04 in the all-sky albedo
for much longer duration of the experiment.
In the North Paciﬁc region, detectability is low compared to the
other two regions. As mentioned above, this is due to the high
natural variability in the North Paciﬁc region. For a duration of
one year, a domain size of 200×200 km2 and an Nd perturbation
intensity of 50%, detection of the experiment is possible with a
change in all sky albedo of 0.04 (Table 3.1). However, as expected,
detectability increases with Nd perturbation. Increasing the Nd
perturbation from 50% to 100% in the North Paciﬁc region, an
MCB experiment is simulated to be detectable for a domain size
of 200×200 km2 for a duration of 180 days with an all sky albedo
change of 0.06.
Since the detection limit of all sky albedo is also inﬂuenced by
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Figure 3.4: Change in all sky albedo due to perturbation for the year 2010 compared
to the control 2010 for the temporal method. In the ﬁgure a) to c) show changes in
all sky albedo for the North Paciﬁc region, d) to f) for the South Paciﬁc region and
g) to i) for the South Atlantic region. Left column for the 10% MCB simulation,
middle column for the 50% MCB simulation and right column for the 100% MCB
simulation. Dotted region denote the statistically signiﬁcant case.
total cloud cover and cloud liquid water path, statistical signiﬁ-
cance of these two variables are also investigated and discussed in
the following section.
3.3.3 TCC and cloud liquid water path
The signiﬁcance test for both total cloud cover and cloud liquid
water path are discussed in this section. Similar to all sky albedo
detection, P < 0.05 is considered detectable and for P > 0.05, it
is not detectable with statistical signiﬁcance.
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Figure 3.5: As in Fig 3.4 but for change in total cloud cover.
TCC is highly varying for the diﬀerent MCB simulations and
for the three regions. TCC does not show a monotonic increase
with the increasing intensity of MCB (Figure 3.5).
For the North Paciﬁc region, the assessment of the perturbation
in TCC shows a decrease in the conﬁdence level with increasing
Nd perturbation intensity. This is because, even though the TCC
increases with Nd perturbation, the increase is only slightly pos-
itive compared to the previous large negative values, hence this
decreases the signiﬁcance.
The South Paciﬁc region shows an increase in detectability of
TCC with increasing Nd perturbation intensity. Even though it is
not monotonic from 10% to 100% MCB, signiﬁcant values clearly
increased from 10% to 50% MCB. Similar to the North Paciﬁc
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Figure 3.6: As in Fig 3.5 but for cloud liquid water path
.
region, the South Atlantic region also show a decrease in the sig-
niﬁcance as the Nd perturbation intensity increases from 10% to
100%. Similarly, Zhang et al. (2005) studied the sensitivity of in-
creasing Nd using ECHAM5 and they found that for a factor of
10 increase in Nd, TCC may increase or decrease. TCC changes
are not directly inﬂuenced by the Nd perturbation and hence the
signiﬁcance test for cloud cover also shows no systematic pattern
with the MCB scenarios.
Figure 3.6 shows the signiﬁcance of cloud liquid water path.
Unlike TCC, cloud liquid water path increases with increase in Nd
perturbation for both, the South Paciﬁc and the South Atlantic
regions. Hence the signiﬁcance test of the perturbed cloud liquid
water path with respect to the control case show an increasing
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signiﬁcance with Nd perturbation. For the South Paciﬁc region,
the changes in cloud liquid water path are signiﬁcant even for 10%
MCB. The South Atlantic region shows a similar pattern i.e. for
10%, 50% and 100% MCB. For the North Paciﬁc region, the change
is signiﬁcant only at 100% MCB case. Comparison between all sky
albedo signiﬁcance values (Figure 3.4) and cloud liquid water path
signiﬁcance values (Figure 3.6) show that the signiﬁcance of all
sky albedo and the actual change in all sky albedo itself are largely
inﬂuenced by the changes in cloud liquid water path. Similarly,
Frey et al. (2017) found that the cloud albedo changes are mostly
inﬂuenced by the cloud lifetime eﬀect in their model, too.
3.3.4 Detectability - a spatial method
Figure 3.7 shows the detectability of an MCB experiment using
the spatial method. Here, the surrounding region is always kept
constant with a domain size of approximately 1000×1000 km2 ex-
cluding the perturbed region. The perturbed region is changed
from 200×200 km2 to 1000×1000 km2. Detectability of MCB ex-
periment is represented here in terms of the P value of the Student
t-test. Similar to the temporal method, if the P value of the dif-
ference between the perturbed and reference region is < 0.05, then
that particular case of MCB experiment is considered detectable
with statistical signiﬁcance, otherwise it is not detectable.
Figure 3.7 shows the change in all sky albedo in the perturbed
region compared to the unperturbed (outer) region. In the spatial
method, detection of MCB deployment is easily feasible over the
North Paciﬁc region compared to the previous temporal method.
Because, for the temporal method, high variability of cloud albedo
climatology hindered the detection in the North Paciﬁc, but, in
the spatial method the outer unperturbed region for the same time
period is used as the reference.
For the South Paciﬁc and the South Atlantic regions, compared
to the previous method of detection, this spatial method does not
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Figure 3.7: Changes in all sky albedo for perturbed region compared to unperturbed
or outer region. In the ﬁgure a) to c) show changes in all sky albedo for the North
Paciﬁc region, d) to f) for the South Paciﬁc region and g) to i) for the South Atlantic
region. Left column for the 10% MCB simulation, middle column for the 50% MCB
simulation and right column for the 100% MCB simulation. Dotted region denote
the statistically signiﬁcant case.
provide any improvement in the detectability (Table 3.1). In the
spatial method for these two regions, the detectability actually de-
creases and the albedo change and time duration required to detect
the deployment are higher than the previous method. For both the
regions, for small areas of perturbation, the all sky albedo diﬀer-
ence is negative. That is, all sky albedo of the outer unperturbed
regions are larger than the all sky albedo values of the perturbed
small area and hence no albedo increase can be detected.
Generally, with an increase in the area of perturbation, there is
an increase in the change in all sky albedo and also the signiﬁcance.
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With increase in the Nd perturbation, also the statistical signiﬁ-
cance increases and hence the detectability. However, from 50% to
100% Nd perturbation, for all the three regions, detectability de-
creases. Further examination on the unperturbed (outer) regions
show that Nd perturbation in the perturbed regions is advected to
the unperturbed regions as well. This increase the all sky albedo
and enhance the cloud liquid water content of the unperturbed
regions and this is termed as the dispersion eﬀect. Hence, the
signiﬁcance tends to decrease when the Nd perturbation increases.
This is also evident in the change in all sky albedo.
3.3.5 Cost analysis
Salter et al. (2008) analysed the cost of a ﬁeld experiment over
equal-area cells of 7.72× 1010m2 ≈ 278× 278 km2. They worked
with a seawater source of 30 kg s−1 and obtain a droplet concentra-
tion of 191 cm−3, which is assumed as tripling to quadrupling of
the original Nd. This intensity over one equal-area cell is done by
one ship in their calculation and each ship costs ¿1 to ¿2 million
or as an average sum, about 1.5Me. Operation of a ship costs 150
kW and therefore for a day with 12 hrs of solar radiation, it is 1800
kWh per day. At a cost of 0.3eper kWh, the operating cost for
a ship is comparatively small at 540 e per day per ship. In terms
of intensity, we simplify the problem here by assuming that an in-
crease in ships per area proportionally increases the cloud droplet
number concentration (a more comprehensive analysis would con-
sider a logarithmic scaling, e.g. Boucher and Lohmann, 1995).
Now let us consider the North Paciﬁc region, where detection
limit is deﬁned for a 50% increase in Nd, domain size of 200 ×
200 km2 and duration of 365 days (Table 3.1, temporal method).
To seed a 200 × 200 km2 area, 0.52 ships are needed. Building
this costs a 0.52× 1.5Me = 780 ke, maintaining for a year costs
540e × 365 = 197 ke. Considering the cost scales linearly with
area and intensity, 50% increase in Nd require a 300 ke. Total cost
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of the project would be ≈ 1.2 M e.
It follows from this calculation that increasing the duration of
the experiment is the cheapest among the all three forms of in-
terventions. For an experiment to be both cost-eﬀective and de-
tectable, it is preferable to design an experiment with longer dura-
tion and lesser intensity of perturbation of Nd and for the smallest
of the domain sizes.
3.4 Conclusion
This study addressed the detectability of a hypothetical MCB de-
ployment ﬁeld experiment from ECHAM simulations. The hypo-
thetical MCB experiment is simulated over stratocumulus decks by
increasing the Nd values by 10%, 50% and 100%.
In the initial analysis of the change in total cloud cover, cloud
liquid water path and all sky albedo for the perturbed period are
compared to an unperturbed control period. Except for the South
Paciﬁc, other two regions does not show an increase in TCC with
increase in the Nd perturbation. TCC in ECHAM6 is not directly
inﬂuenced by the change in Nd, it is governed by the relative hu-
midity. However, cloud liquid water path changes show mono-
tonic increase with increase in Nd as it is directly inﬂuenced by Nd
changes. With increase in Nd there is a reduction in autoconver-
sion rate and hence precipitation decreases and thus cloud liquid
water path increases. Overall there is an increase in all sky albedo
as well with increase in Nd perturbation.
The detection limit for the all sky albedo change during per-
turbed period is assessed by a statistical test. In the initial method,
9 years of simulation from 2001 to 2009 are used as the reference
or control case and the last year 2010 is chosen as the perturbed
year. In the analysis, an experiment in the South Paciﬁc region
is found to be easily detectable and the North Paciﬁc region the
least detectable. Both the increase in cloud liquid water path and
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total cloud cover contributed to the easy detectability of the South
Paciﬁc region. In the North Paciﬁc region high variability hin-
ders the easy detection of MCB deployment. Since both TCC and
cloud liquid water path inﬂuence the all sky albedo signiﬁcance,
the statistical signiﬁcance of TCC and cloud liquid water path are
analysed. The analysis showed that all sky albedo change is in-
ﬂuenced more by cloud liquid water path changes in the model
used.
Detectability of an MCB experiment is also studied using a spa-
tial method. In the spatial method, the perturbed region is com-
pared with surrounding unperturbed region. Compared to the pre-
vious method, detectability with the spatial method is much easier
for the North Paciﬁc region. However for the other two regions
this method does not improve the detection limit. In general, both
with increase in the area of perturbation as well as Nd perturba-
tion, detectability increases. However, from 50% Nd to 100% Nd
perturbation the detectability decreases for all the three regions.
This is attributed to the increase in dispersion to the outer regions
in 100% Nd perturbation compared to 50% Nd perturbation.
We conclude that the detectability of the MCB experiment over
the North Paciﬁc region is the most diﬃcult. The spatial method
is well suited for detection of the MCB experiment for regions with
high variability hindering the detectability. Table 3.1 provides a
quantitative answer to the question of how large in domain, how
long in duration, and how intense in perturbation the experiment
needs to be. Our calculations suggest that for an experiment to
be cost eﬀective, it is preferable to design an experiment of longer




Climate extremes in multi-model
simulations of stratospheric
aerosol and marine cloud
brightening climate engineering
Abstract
Simulations from a multi-model ensemble for the RCP4.5 cli-
mate change scenario for the 21st Century, and for two solar radi-
ation management (SRM) schemes (stratospheric sulfate injection
(G3), SULF and marine cloud brightening by sea salt emission
SALT) have been analyzed in terms of changes in the mean and
extremes for surface air temperature and precipitation. The cli-
mate engineered and termination periods are investigated. During
the climate engineering period, both schemes, as intended, oﬀset
temperature increases by about 60% globally, but are more eﬀec-
tive in the low latitudes and exhibit some residual warming in the
Arctic (especially in the case of SALT that is only applied in the
low latitudes). In both climate engineering scenarios, extreme tem-
perature changes are similar to the mean temperature changes over
much of the globe. Exceptions are mid and high latitudes in the
northern hemisphere, where high temperatures (90th percentile of
the distribution) of climate engineering compared to RCP4.5 con-
trol period rise less than the mean, and cold temperatures (10th
percentile), much more than the mean. This aspect of the SRMs is
also reﬂected in simulated reduction of the frequency of occurrence
of frost days for either scheme. However, the frequency of occur-
rence of summer days, is increasing less in the SALT experiment
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than the SULF experiment, especially over the tropics. Precip-
itation extremes in the two SRM scenarios act diﬀerently - the
SULF experiment more eﬀectively mitigates extreme precipitation
increases over land compared to the SALT experiment. A reduction
in dry spell occurrence over land is observed in SALT experiment.
The SULF experiment has a slight increase in the length of dry
spells. A strong termination eﬀect is found for the two climate en-
gineering schemes, with large temperature increases especially in
the Arctic. Globally, SULF is more eﬀective in reducing extreme
temperature increases over land than SALT. Extreme precipitation
increases over land is also more reduced by SULF than SALT ex-
periment. However, globally SALT decreases the frequency of dry
spell length and reduces the occurrence of hot days compared to
SULF.
Results of this chapter are published in the Atmos. Chem. Phys.
special issue on GEOMIP results : Aswathy, V. N., Boucher,
O., Quaas, M., Niemeier, U., Muri, H., Mülmenstädt, J., and
Quaas, J. (2015) Climate extremes in multi-model simulations of
stratospheric aerosol and marine cloud brightening climate engi-
neering. Atmospheric Chemistry and Physics, 15(16), 9593-9610,
http://doi.org/10.5194/acp-15-9593-2015.
I have produced all results in this publication, on the basis of the
existing simulation data, and written the manuscript with advice
and help from the other authors.
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4.1 Introduction
Observed and projected global warming due to continuously in-
creasing greenhouse gas emissions has promoted research focusing
on the mitigation of greenhouse gas emissions as well as adaptation
to climate change, and lately on alternative methods to counter-
balance global warming namely climate engineering.
In CE, several solar radiation management techniques are be-
ing discussed, among them stratospheric sulfate aerosol injection
has been suggested to be most feasible and least expensive Lenton
and Vaughan (2009); Robock et al. (2009). SRM by marine cloud
brightening is another technique, ﬁrst proposed by Latham (1990).
A number of single model studies have addressed both SRM tech-
niques (Latham, 2002; Robock et al., 2008; Jones et al., 2009, 2010;
Niemeier et al., 2013). Diﬀerent experiment designs, however, hin-
der direct model-to-model comparisons (Kravitz et al., 2011). To
answer the questions raised in independent studies, a suite of stan-
dardized climate modelling experiments has been performed within
a coordinated framework, known as the Geoengineering Model In-
tercomparison Project (GeoMIP, Kravitz et al., 2013). GeoMIP
consists of four solar climate engineering experiments namely G1,
G2, G3 and G4, in which the G3 and G4 experiments investigate
the eﬀects of stratospheric sulfate aerosol injections. The GeoMIP
G3 experiment is analysed in our study. Similarly, a ﬁrst multi-
model approach with common experimental setup to study sea
salt climate engineering (SSCE), i.e. marine cloud brightening,
has been performed within the Implications and risks of engineer-
ing solar radiation to limit climate change (IMPLICC) project
(Alterskjaer et al., 2013).
The objective of this chapter is to examine multi-model simula-
tion results in terms of changes in mean and extreme temperature
and precipitation as a consequence of reducing incoming solar ra-
diation at the surface by these two diﬀerent SRM techniques.
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Kharin et al. (2007) found that the changes in temperature ex-
tremes can be expected to generally follow changes in mean tem-
peratures in many parts of the world. However, especially over mid
and high latitudes, temperature extremes may show larger relative
changes, and over land, models show an increase in temperature
variability in a warming climate (Kharin and Zwiers, 2005). Ac-
cording to the recent assessment report of the Intergovernmental
Panel on Climate Change (IPCC), there will be more hot and fewer
cold temperature extremes as well as a likely increase in precipita-
tion extremes in a warmer world (Collins et al., 2013).
This study compare the impact of stratospheric sulfate injection
and sea salt climate engineering on changes in means and extremes
of climate parameters. For statospheric sulphate injection, the Ge-
oMIP G3 experiment is used, in which stratospheric aerosols are
added gradually to a background following the representative con-
centration pathway 4.5 scenario (RCP4.5), to balance the anthro-
pogenic forcing and to keep the global mean surface temperature
nearly constant (Kravitz et al., 2011). The IMPLICC G3-SSCE
is based on the GeoMIP G3 experiment, but sea salt emissions
by which marine cloud brightness is altered, rather than strato-
spheric aerosols, are used to compensate the anthropogenic forc-
ing. Following Niemeier et al. (2013), the G3 experiment is denoted
as (stratospheric sulfur injection) as SULF and G3-SSCE (marine
cloud brightening by sea salt emission) as SALT. The SULF ex-
periment exerts its forcing globally, whilst the SALT scheme is
employed only over tropical oceans between 30◦S and 30◦N.
The climatic properties of the SULF and SALT experiments
have been presented in previous studies. These focused mainly on
the temporal and spatial distributions of climate engineering ef-
fects on the mean climate (Schmidt et al., 2012; Alterskjaer et al.,
2013; Kravitz et al., 2013; Muri et al., 2015). Schmidt et al. (2012)
studied the responses of four Earth system models to climate en-
gineering in the G1 scenario. In this scenario, the radiative forc-
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ing from quadrupling of CO2 is balanced by reducing the solar
constant. Alterskjaer et al. (2013) investigated the simulation of
SALT. Their results showed that a suﬃciently strong application
of SALT led to the compensation of the global annual mean warm-
ing by RCP4.5 in all models. The models showed a suppression
of evaporation and reduced precipitation over low-latitude oceans
and vice-versa over low-latitude land regions. Kravitz et al. (2013)
summarized the current knowledge as gained from the GeoMIP
simulations and remaining research gaps. They found that none
of the participating models could maintain both global-mean tem-
perature and precipitation to pre-industrial levels from a high CO2
scenario, in agreement with theoretical considerations.
Presently, very few studies address the impact of climate engi-
neering on extreme events and hardly any research has yet focused
on the more realistic scenarios. Recent studies by Tilmes et al.
(2013) and Curry et al. (2014) examined climate extremes in the
multi-model climate engineering experiment (G1). The study by
Tilmes et al. (2013) mainly focuses on the hydrological impact of
the forcing as applied in the G1 experiment. As part of their study,
they also analyze the upper percentile shifts in the annual and sea-
sonal precipitation from monthly averaged model output in both
G1 and abrupt 4×CO2 experiments relative to the pre-industrial
control state. In the Tropics, the G1 experiment tends to reduce
heavy precipitation intensity compared to the control simulation.
Their results showed a weakening of hydrological cycle under the
G1 experiment.
Curry et al. (2014) investigated the temperature and precipita-
tion extremes in the G1 scenario. They were found to be smaller
than in the abrupt 4xCO2 scenario, but signiﬁcantly diﬀerent from
pre-industrial conditions. A probability density function analysis of
standardised monthly surface temperature exhibited an extension
of the high-end tail over land and of the low tail over ocean, while
the precipitation distribution was shown to shift to drier conditions.
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Table 4.1: Climate extreme indices
Index Description Index deﬁnition Units
T90, T99/ P90, P99 90th/99th percentile 90th/99th percentiles of the temporal distribution for given time period from temperature and precipitation mm day−1/ ◦C
T10/T1 10th/1st percentile 10th/1st percentiles of the temporal distribution for given time period from temperature ◦C
CDD Consecutive dry days index Number of consecutive days where precipitation rate <1 mm day−1 in given time period days year−1
FD Frost days index Number of days per time period when TN < 0oC days year−1
SU Summer days index Number of days per time period when TX > 25oC days year−1
The strong heating of northern high latitudes as simulated under
4×CO2 is largely oﬀset by the G1 scenario. However signiﬁcant
warming was found to remain, especially for daily minimum tem-
perature compared to daily maximum temperature for the given
time period. Changes in temperature extremes were found to be
more eﬀectively reduced compared to precipitation extremes.
The climate extreme indices used in this study are deﬁned in
Table 4.1 (see Methods described in Section 4.2). Details of the
experiments considered in the study, models used and methods are
described in Section 4.2. In Section 4.3, the geographical distri-
bution of the climate extremes under the two climate engineering
scenarios are discussed. Annual and seasonal variations of the ex-
tremes and the eﬀect of termination on the extremes are discussed
in the corresponding subsections of Section 4.3. In Section 4, im-
plication of results are discussed and conclusions are presented.
4.2 Data and Methodology
Results from three Earth system models (ESM) were available for
the analysis. The models are the Max-Planck-Institute's ESM
(MPI-ESM) (Giorgetta et al., 2013), the Norwegian Climate Cen-
tre ESM (NorESM) (Bentsen et al., 2013) and the Institute Pierre-
Simon Laplace 5th-generation Coupled Model (IPSL-CM5) (Dufresne
et al., 2013). The atmospheric component of the MPI-ESM lower
resolution (MPI-ESM-LR), ECHAM6, runs at a resolution of T63
(triangular truncation at wave number 63, corresponding to ap-
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proximately 1.9◦×1.9◦) with 47 vertical levels. The Norwegian
Earth System Model1 - medium resolution (NorESM1-M) atmo-
spheric model CAM4-OSLO has a resolution of 1.9◦×2.5◦ with 26
vertical levels, whilst LMDz, the atmosphere in the IPSL Earth
SystemModel for the 5th IPCC report -low resolution (ISPL-CM5A-
LR), runs at a resolution of 1.9◦×3.75◦ with 39 vertical levels. The
advantage of using models of such diﬀerent components and reso-
lutions is that the results from the diﬀerent models are expected to
span a large part of the uncertainty range of the results (Kravitz
et al., 2013).
The aim of the climate engineering experiments is to balance
the excess radiative forcing to remain at 2020 levels implied by
the anthropogenic climate change in the Representative Concen-
tration Pathway 4.5 (RCP4.5) post year 2020. 1 The experiments
SALT and SULF follow the experiment design as given in Kravitz
et al. (2011). For SALT only NorESM included sea salt emis-
sions. The other two models prescribed the aerosols as calculated
from NorESM (Alterskjaer et al., 2013). In the SULF simulation,
the aerosol eﬀects on radiation is included in the models via their
optical properties (Niemeier et al., 2013). This is achieved by pre-
scribing aerosol optical depth (AOD) and eﬀective radius, which
were calculated in previous simulations with an aerosol microphys-
ical model ECHAM5-HAM (Niemeier et al., 2011); (Niemeier and
Timmreck, 2015). This approach allows an impact of the aerosol
heating on the dynamic of the ESM, while the feedback process
of the dynamic on the areosols was only included in the previous
simulations with ECHAM5-HAM . For both experiments, these are
done increasingly in time, i.e. for 50 years from 2020 to 2070 in
order to reﬂect enough solar radiation to balance the increasing
anthropogenic greenhouse eﬀect. An additional 20 year extension
of the simulation until 2090 is performed to explore the eﬀect of
1RCP4.5 is a scenario that stabilizes radiative forcing at 4.5 W m−2 in the year 2100 (Taylor
et al., 2012).
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abrupt ceasing of the SRM, which is referred to as the termination
eﬀect (Jones et al., 2013).
In the NorESM SULF experiment, an implementation inaccu-
racy leads to an overly large radiative eﬀect in the terrestrial spec-
trum, by up to 0.5 to 1 Wm−2 in the last decade of the geoengineer-
ing. The consequence of a too high LW absorption by the aerosols
in the stratosphere is moderately strong radiative warming in the
stratosphere. This means a bit more SO2 was needed in order to
achieve the desired eﬀect in NorESM1-M SULF.
In the SALT experiment, the globally averaged radiative forc-
ing in RCP4.5 relative to the year 2020 is balanced via marine
cloud brightening (MCB) by increasing injections of sea salt into
the tropical marine atmospheric boundary layer (Alterskjaer et al.,
2013). The seeding region chosen for the experiment extends be-
tween 30◦N and 30◦S over oceans. Seeding regions were chosen
based on an earlier study by Alterskjær et al. (2012). For a de-
tailed description of the SALT results and experiment design the
reader is referred to Alterskjaer et al. (2013); Muri et al. (2015).
The MPI-ESM performed three realizations for both the SULF
and SALT experiments. The NorESM1-M performed two realiza-
tions for both experiment, while IPSL-CM5A has one realisation
for each experiment. Based on the time period chosen for analy-
sis, ﬁrstly the model statistics for each ensemble member for the
models where more than one are available are computed, and then
consider the multi-model average. The multi-model mean results
are given with an equal weight for all three models (i.e. ﬁrst taking
the ensemble-average for the models where more than one ensem-
ble member was available). Prior to all calculations, all the three
models ensembles are re-gridded to a common resolution, choosing
the lowest of the model resolutions of 1.9◦×3.75◦ (IPSL-CM5A-LR
resolution).
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4.2.1 Climate extreme analysis
In this study, climate extremes are deﬁned by the lower and upper
percentiles of the temporal distribution at each grid-point, as well
as a set of indices deﬁned by the Expert Team of Climate Change
Detection and Indices (ETCCDI, Sillmann et al., 2013).
The daily-average model output is analysed for 30 year peri-
ods, except when analysing the termination eﬀect, in which case
a 20 year period is assessed. For the annual mean analysis, the
data from which the extremes are drawn covers 10950 days and for
termination it is 7300 days at each model grid point.
Climate extremes are deﬁned by the 90th and 10th percentile of
the time-series of near surface air temperature (T90 and T10 re-
spectively) and 90th percentile of surface precipitation ﬂux (P90)
at individual model grid-points. Higher percentiles are also inves-
tigated (eg 99th), but this only as a global-land- or ocean average
(as shown in Table 4.3).
The additional climate extreme indices used in this study are
the frequencies of occurrence of Summer days (SU), Frost days(FD)
and the maximum count of Consecutive Dry Days (CDD) in the
period. These are computed from daily maximum temperature,
daily minimum temperature and precipitation, respectively. Data
for daily maximum (TX) and daily minimum (TN) temperature
are directly provided from the models. The frost days index (FD)
represents the number of days when TN<0◦C and summer days
(SU) deﬁne the number of days when TX>25◦C for the given time
period (usually three decade in our analysis). The consecutive dry
days index (CDD) provides the largest number of consecutive days
when daily precipitation is less than 1 mm day−1 in the analysed
time period. In the Table 4.4 and Figures 4.4, 4.5 and 4.6 the
units for CDD, FD and SU are converted to days/year.
To assess the inﬂuence of climate engineering on a changing
climate, for every climate extreme index analysis, the last three
decades of climate engineering (2040 to 2069) are compared with
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the three-decades average at the beginning of the RCP4.5 scenario
simulation (2006 to 2035, denoted as control period, CTL). The
same analysis is conducted for the corresponding RCP4.5 scenario
for the same time periods. In addition to the annual mean changes,
the study also investigates extreme events for diﬀerent seasons
namely, December-January-February (DJF) and June-July-August
(JJA), presented in Section 4.3.5.
To determine the eﬀect of abrupt ceasing of climate engineering
on extremes, the upper and lower percentiles of both temperature
and precipitation for the two decades after termination, i.e. years
2070 to 2089 (referred to as 2070s) are compared to the last two
decades of climate engineering (i.e. 2050 to 2069, represented as
2050s). A similar analysis is carried out for RCP4.5 as well, to
investigate the changes during the same time periods.
4.3 Results and Discussion
For reference, Tables 4.2, 4.3 and 4.5 show the changes in globally
averaged values of mean and extreme (percentile based method)
values of temperature and precipitation and Table 4.4 shows the
globally averaged mean values of the other extreme event indices
(Section 4.3.3 and 4.3.4). As an additional information, ensem-
ble separated values for each model and for all scenarios are also
provided, with the ensemble members showing relatively small vari-
ations between them.
The main aim of the climate engineering experiment is to keep
the globally averaged top-of-atmosphere radiative forcing at the
RCP4.5 2020 level, hence it does not fully constrain the regional
climate characteristics (Curry et al., 2014). Niemeier et al. (2013)
computed the top of the atmosphere (TOA) ﬂux changes in short
wave (SW) and long wave (LW) for the last decade of climate
engineering minus the RCP4.5 (2015-2024) for the MPI-ESM. They
found that the top of the atmosphere short wave change for the
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SALT in the MPI-ESM was smaller than the one for SULF over
both ocean and land. However for SALT experiment, TOA SW
ﬂuxes are slightly larger over ocean relative to land. The diﬀerence
of the solar radiation ﬂux between land and ocean in SALT reﬂects
the more local nature of this SRM, since SALT is applied only
over tropical oceans. Long wave (LW) ﬂuxes of both the SRMs are
mostly similar, although SULF experiment is slightly larger than
SALT experiment, except for all sky conditions over land.
4.3.1 Statistical signiﬁcance
To determine the robustness of the results, statistical signiﬁcance
test for the mean and extreme changes are computed. Statistical
signiﬁcance of the change in mean temperature is computed using a
two-sided Student t-test. For the mean change in precipitation the
Kolmogorov-Smirnov test is used, since the test is non parametric
and make no assumptions about the probability distributions of
the variable used (Conover, 1980).
The distribution of T90, T10, P90, SU, FD, and CDD is not
sampled by the climate models (each ensemble member only pro-
vides a single value). To estimate the distribution function of
these variables, sampling with replacement is used (bootstrap-
ping, e.g. Efron and Tibshirani, 1998). In the case of T90 and
T10, the distribution of daily-mean temperature is sampled. In the
case of P90, the distribution of daily accumulated rainfall is sam-
pled. In the case of CDD, contiguous days with below-threshold
precipitation (< 1 mm day−1) are indexed, and the set of indices is
sampled; this procedure preserves the temporal autocorrelation of
the precipitation distribution. In the case of summer (winter) days,
a binomial distribution with probability n/N is sampled, where n
is the number of summer (winter) days and N is the total number
of days in the model run. In all cases, 1000 samples of size N
are used. The distribution is calculated independently at each grid
point.
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Once the bootstrapped probability distribution function for each
model run i has been determined, the perturbed distribution fi(x)
is compared to the reference distribution gi(x). The aim is to test
the null hypothesis that fi(x) and gi(x) have been drawn from the
same distribution. Overlap of the two distributions are calculated
, denoted as







The two-sided p-value for the null hypothesis is then
pi = min
{
P (fi > gi), 1− P (fi > gi)
}
. (4.2)
The p-value is calculated independently at each grid point.
To estimate the combined statistical signiﬁcance in the multi-
model ensemble, the p-values for each ensemble member are com-
bined according to Fisher's method (Fisher, 1925). This method
assumes that the same hypothesis test is carried out on k indepen-






with pi calculated according to (4.2). Under the null hypothesis,
this test statistic follows a χ2 distribution with 2k degrees of free-
dom. The multi-model combined p-value is calculated from the





pχ2(x; 2k) dx (4.4)
Geographical patterns of the changes in climate that remain
despite climate engineering are examined in the following section
and the regions where the changes are statistically signiﬁcant at
95% are represented by hatches.
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4.3.2 Percentile based climate extreme analysis
Geographical distributions of change in mean, 90th percentile (T90)
and 10th percentile (T10) of near surface temperature 2040 to 2069
with respect to the reference RCP4.5 control period (CTL, 2006
to 2035) are shown in Figure 4.1 for RCP4.5 (left column), SALT
(middle column) and SULF (right column).
For the mean and extremes simulated for the RCP4.5 scenario,
temperatures are warmer almost everywhere in the 2040 - 2069
period than in the control (Fig. 1), with more warming over land
than over ocean (Collins et al., 2013). In both SRM scenarios, for
the mean change in temperature, a residual, statistically signiﬁcant
warming is simulated over most regions globally for mean, upper
and lower extremes of the temperature distribution. The warming
compared to CTL in mean temperatures is larger than 0.5 K over
the high latitudes (60◦N-90◦N) of the northern hemisphere. In the
SALT experiment, the strong residual warming is extended over the
continents to the mid-latitudes. Geographical distributions of the
upper percentile (T90) of the two SRM techniques exhibit diﬀerent
warming patterns. The SALT experiment, being implemented in
the marine tropical oceans, exhibits more uniform warming of 0.5-
1 K over northern hemisphere mid- to high latitudes (30◦N-80◦N),
emphasising more on the local inﬂuence of this experiment. Over
most of the tropical oceans, change in temperature in the SALT
experiment is close to or even less than zero with respect to CTL.
In SALT, the pattern for the upper percentile temperature (T90)
values are similar to those for the mean values in the northern hemi-
sphere. The SULF experiment rather well mitigates the warming
of the upper percentile, down to 0.5 K or less in most areas. This
residual warming is still signiﬁcant. For both the SRM methods,
for the upper percentile, there is no warming north of 85◦ N. In con-
trast, most of the warming at the Arctic region occurs at the lower
tail of the temperature distribution. At the lower end of the tem-
perature distribution, the 10th percentile increases in both SRM
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experiments broadly show in the tropics a distribution of small,
positive changes very similar to the mean temperature change pat-
terns. For the northern hemisphere high latitudes and continental
regions in the northern mid-latitudes as well as sea-ice regions in
the Southern hemisphere mid-latitudes, a much stronger increase
in the lower percentile of the temperature distribution (T10) is sim-
ulated. Overall, both SRM schemes tend to substantially narrow
the temperature distribution in the Arctic. This is very likely due
to the fact that both climate engineering schemes are solar radi-
ation management approaches, by which only during Arctic day
climate change can be mitigated (as seen in the upper percentile),
while during polar night, almost no local mitigation is achieved by
construction. Warming in the lower tail of the temperature distri-
bution may have important eﬀects in the Arctic. This aspect of
the SRM is more detailed in the Section 4.3.5.
Table 4.2 lists global and regional mean, model-ensemble-mean
values of changes in temperature of 2040 to 2069 minus the refer-
ence RCP4.5 control period (2006 to 2035). Diﬀerence values for
global (all points, land only and ocean only), Tropics (30◦N-30◦S),
mid-latitudes (30◦-60◦ in both hemispheres) and high-latitudes (60◦-
90◦ in both hemispheres) are provided. For the SALT experiment,
the models simulate a comparatively eﬀective mitigation for the
Tropics and mid-latitudes, and generally over oceans, with warm-
ing of 0.17 to 0.26 K in the mean and an even more eﬀective miti-
gation of the upper extremes. However, over northern hemisphere
mid and high latitudes, the SALT experiment leaves a residual
warming of 0.57 to 1.01 K, up to double the value simulated by the
SULF experiment over the the same regions. As discussed earlier
for the distributions, irrespective of the SRM technique simulated,
warming at the lower tail of the temperature distribution (given by
the lower percentile (T10)) at northern hemisphere high latitudes
are much higher than the upper percentiles.
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Figure 4.1: Multi-model mean change in near surface temperature (K) for RCP 4.5
(left column), SALT (middle) and SULF (right column) for 2040-2069 minus the
RCP4.5 control period (CTL) (2006-2035). Panels a) to c) denote changes in mean
values, d) to f) same as a) to c) but for the 90th percentile and g) to i) same as a)
and c) but for the 10th percentile of the temporal distribution at each model grid
point. Hatches denote regions where the changes are 95% statistically signiﬁcant.
In terms of both the mean and the extremes, the models sim-
ulate that the SALT experiment mitigates the warming better in
the tropics and most of the Southern hemisphere, while it simulates
a stronger residual warming, compared to the SULF experiment,
in the northern hemisphere mid-latitudes, which may further af-
fect the temperature gradient and circulation from tropics to mid-
latitudes (Niemeier et al., 2013). Regarding the lower percentile
(T10) warming, irrespective of the techniques, both the SRM tend
not to mitigate warming in the Arctic well, and neither in some
parts of the Southern ocean region. To get more insight into the
warming patterns retained during SRM the study also investigate
the seasonal changes in Section 4.3.5
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Figure 4.2: Multi-model mean change in precipitation (mm day−1) for RCP 4.5 (left
column), SALT (middle) and SULF (right column) for the 2040-2069 period minus
the RCP4.5 2006 - 2035 control period (CTL). Panels a) to c) denote changes in
mean values, d) to f) same as a) to c) but for the 90th percentile of the temporal
distribution at each model grid point. Hatches denote regions where the changes
are 95% statistically signiﬁcant.
Changes in mean and the upper percentile (P90) precipitation
are shown in Figure 4.2. As documented in earlier studies (e.g.,
Govindasamy and Caldeira, 2000), the RCP4.5 scenario shows an
overall increase in precipitation in the 2040-2069 period compared
to the 2006-2035 period, especially in the equatorial region between
5◦N and 5◦S. Changes in upper percentile (P90) precipitation in the
RCP4.5 scenario are stronger than changes in mean precipitation.
Mean changes in precipitation for the SRM are shown in Fig-
ure 4.2b) and c) and the changes in upper percentile (P90) in
Figure 4.2e) and f). The SALT experiment diﬀers from the SULF
experiment in the aspect that the precipitation is inﬂuenced by
the emission of sea salt impacting cloud droplet number concen-
trations and subsequently precipitation formation in the clouds via
the autoconversion process.
For both the mean and extreme precipitation, the SALT experi-
ment shows a rather strong positive anomaly over South-East Asia,
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as well as central Africa. The Indian subcontinent and surrounding
land regions are found to experience enhanced precipitation rates
under the SALT experiment. However, in the Amazon rainforest
area, the SALT experiment produces a negative anomaly in precip-
itation, in accordance with the simulation of Jones et al. (2009) on
marine cloud brightening. In contrast to land regions, most of the
tropical marine regions, including the ITCZ, Paciﬁc, Atlantic and
Indian Oceans show a negative anomaly for the SALT experiment.
As discussed by Alterskjaer et al. (2013); Niemeier et al. (2013),
in addition to the inﬂuence on autoconversion, these changes can
be attributed to large scale dynamics of increasing vertical motion
in ITCZ and Walker circulations. This leads to an increase in the
convective precipitation over land, compensating for the decrease
in precipitation over the oceans. Thus over oceans, the SALT ex-
periment is eﬀective in reducing the extreme precipitation increases
compared to the CTL period, which are stronger than the RCP4.5
2040s change relative to CTL.
The geographical distributions of the changes in precipitation of
mean and upper percentile (P90) for the stratospheric climate engi-
neering, SULF are shown in the right column of Fig. 2. In contrast
to the SALT experiment, the SULF experiment eﬀectively allevi-
ates the precipitation extreme increases over land in the Tropics as
well as northern hemisphere mid-latitudes compared to the CTL
period, even shows decrease in extreme precipitation in these areas
for P90 precipitation and a highly mitigated value for P99. When
averaging globally, these features are prominent with SULF experi-
ment resulting in more positive anomaly in precipitation over ocean
and vice versa over most of land regions. Hence the changes in pre-
cipitation are almost opposite to SALT experiment, as pointed out
in Niemeier et al. (2013) and the paper attributes the changes to
the change in Walker circulation.
Mean changes of precipitation for the 2040 to 2069 period with
respect to the CLT period are given in Table 4.3. On global av-
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Figure 4.3: Change in precipitation (mm day−1) for three scenarios RCP4.5, SALT
and SULF and three models MPI-ESM, NorESM, IPSL for mean (ﬁrst three rows)
and P90 (last three rows) for the 2040-2069 period minus the RCP4.5 2006-2035
control period (CTL).
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erage, mean precipitation and 90th percentile are simulated to be
well mitigated by both schemes, while the 99th percentile is still
mitigated in its increase. Over land, the residual increase in the
upper percentile (P99) precipitation simulated for the SULF sce-
nario is 0.172 mm/day. For the SALT experiment, 0.359 mm/day
increases are simulated, which is 50% less than the RCP4.5 sce-
nario. Over ocean, the SULF experiment shows the same changes
as RCP4.5, however less in magnitude. In the SALT experiment,
the mean and 90th percentile precipitation is simulated to even
decrease, while the 99th percentile is well mitigated in its increase.
In Figure 4.3 the precipitation changes as simulated by the in-
dividual models are shown. In the SULF scenario, the tendency of
all models to simulate moister equatorial tropics (ITCZ) and dryer
sub-tropics is even more evident than for the ensemble mean. The
signals are similar between mean and upper percentile, but stronger
for the upper percentile. In the SALT, all models widely agree
on reduced extreme precipitation over tropical marine regions and
moister continents and this feature is more prominent in SALT
compared to SULF experiment.
4.3.3 Changes in dry spells
Dry spells are measured as the number of consecutive dry days
(CDD, Table 1). These are deﬁned as the largest number of con-
secutive days in the analysed period in which precipitation is less
than 1 mm day−1. In Figure 4.4, changes in CDD, in units of days
per year, for RCP4.5, SALT and SULF are shown for the 2040-2069
in comparison to the RCP4.5 2006-2035 control period.
In the SALT experiment, shorter dry periods are simulated, es-
pecially over the land regions. This could be because in SALT
the precipitation has been shifted onto land. Australia, South
Africa and most of Asia show a decrease by approximately 2-
5 days year−1. Over the Arabian peninsula, the decrease in CDD is
up to 10 days year−1. There are few regions where CDD increases in
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Table 4.4: Change in CDD, FD and SU for the 2040-2069 period with respect to
the CTL period.
CDD (days/yr) FD (days/yr) SU (days/yr)
Global Land Ocean Tropical Global Land Ocean Tropical Global Land Ocean Tropical
RCP4.5 0.15 0.31 0.08 0.48 -3.03 -4.91 -2.24 -0.26 11.51 9.68 12.28 19.13
SALT -0.04 -0.29 0.07 -0.05 -1.69 -2.52 -1.34 -0.14 3.41 4.35 3.01 4.84
SULF 0.16 0.41 0.05 0.47 -1.34 -1.72 -1.18 -0.06 4.35 3.61 4.67 7.41
the SALT experiment, mostly over parts of North Africa including
Libya and Algeria. Overall the eﬀect of SALT is most pronounced
over global continents with a reduction of 0.29 days year−1. Hence
in global average values also , the overall increase in mean and ex-
treme precipitation (discussed earlier) over continent and decrease
over oceans is reﬂected in the CDD values as well.
Similar to the result for the SALT experiment, in general CDD
for SULF also seems to decrease where there is increase in pre-
cipitation intensity and vice versa. Global mean values of CDD
for land only and ocean only points also support this, with more
CDD over land and less over ocean with values 0.41 days year−1
and 0.05 days year−1 respectively.
4.3.4 Changes in frequency of occurrence of cold days and hot days
The frequency of occurrence of cold days is quantiﬁed here as the
number of frost days, deﬁned as days per year when the minimum
temperature (TN)is less than 0◦C. In RCP4.5, FD is reduced in
the mid- to high latitudes especially of the northern hemisphere
by up to one month per year, and widespread by 5 and more days
per year over all extra-tropical continental areas of the northern
hemisphere (Figure 4.5), with a global mean value of -3.03 days
year−1 (Table 4.4).
Globally there are fewer frost days under both SRM scenarios
compared to CTL period with mean changes of -1.70 days year−1
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Figure 4.4: Multimodel mean of change in consecutive dry days RCP4.5 (top panel),
SALT (middle) and SULF (bottom panel) for the 2040-2069 period minus the
RCP4.5 2006-2035 control period (CTL) period. Hatches denote regions where the
changes are 95% statistically signiﬁcant.
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Figure 4.5: As Fig. 4.4, but for the mean change in frost days.
4.3. Results and Discussion 77
and -1.34 days year−1 for SALT and SULF respectively (Table 4.4).
RCP4.5 scenario shows very few regions of increase in frost days.
In comparison to RCP4.5, the SRM scenarios maintain more frost
days over NH land. However, a strong reduction in the frequency
of occurrence of FD is simulated for both SULF and SALT, with
patterns very similar to the simulated increase in the RCP4.5 sce-
nario. It may be concluded that the warming especially at the
lower end of the temperature distributions, which is not oﬀset by
the SRM scenarios (Section 4.3.2) is suﬃciently strong. Hence,
it reduces the frequency at which the freezing threshold is reached
and subsequently FD are reduced. For all regions, the SULF exper-
iment is simulated to be more eﬀective in mitigating the decrease
in frost days, possibly because the forcing is applied globally, and
is more eﬀective towards higher latitudes than SALT.
The frequency of occurrence of hot days can be quantiﬁed as the
number of Summer days (SU), deﬁned as the the total number of
days per year in which TX is greater than 25◦C. Figure 4.6 shows
the yearly change in SU for the 2040 - 2069 period vs the CTL pe-
riod. As expected, RCP4.5 shows an increase in SU. This is most
pronounced in the sub-tropics with increases by up to more than
one month per year, but is widespread over low- to mid-latitude
continents (Liu Yunyun, Li Weijing, Zuo Jinqing and Zeng-Zhen,
2014). In the Tropics the maximum increase of 86 days year−1 cor-
responds to an entire season more of SU, and the average increase
is as much as 11 days year−1 (Table 4.4). This strong increase over
the Tropics is well reduced by the SALT scenario, however, the
still substantial increase of 10-20 days year−1 over North America
and Eurasia is only slightly oﬀset. In contrast, the extra-tropical
changes in SU are eﬀectively reduced by the globally-applied SULF
scheme, where, in turn, still substantial increases in SU over the
tropics (up to 30 days year−1) are simulated. Looking at the global
mean values and also ocean and tropics separately, it is clear that
the increases in the occurrence of summer days are more eﬀec-
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Figure 4.6: As Fig. 4.4, but for the mean change in summer days.
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tively reduced in the SALT experiment, which is not unsurprising
considering this is the region of the forcing.
4.3.5 Seasonal changes in Extremes
Temperature and precipitation extreme events depend a lot on
the seasonal variations. Hence studying the annual changes is not
enough to explain the extreme event analysis. So this study also
analyse the change in extreme events based on two diﬀerent sea-
sons; namely DJF and JJA. This analysis is done for the percentile
based method i.e, upper percentile (90th percentile) and lower per-
centile (10th percentile).
Zonal mean change in mean temperature, upper percentile (T90)
and lower percentile (T10) for annual, DJF and JJA season is
shown in Figure 4.7. During DJF season, there is a noticeable
warming over the northern hemisphere high latitudes existing for
the upper percentile (T90) for both SRM methods. This signal was
completely absent in the annual change analysis Section 4.3.2. The
SRM techniques are ineﬀective during the winter season over the
high latitudes. Therefore, even with SRM implementation warm-
ing in the northern hemisphere polar regions still persists. This re-
sult shows one of the major caveats of the SRM techniques. Change
in upper percentile (T90) for JJA is similar to the annual change
in temperature. Lower percentile (T10) analysis for DJF seasonal
temperature also exhibits profound warming over northern hemi-
sphere, higher in magnitude and spatial extent than the upper
percentile (T90) warming. Warming pattern in lower percentile is
mostly similar to the annual change analysis. Warming in the lower
tail of the temperature distribution has implications to permafrost
and ice melting and sea level rise. These are some of the major
issues of anthropogenic climate change that can inherently not be
addressed by SRM techniques.
However, for JJA season lower percentile (T10) temperature
there is much less warming over the northern hemisphere high lat-
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Figure 4.7: Multi-model zonal mean change in temperature (K) of RCP 4.5 (Red),
SALT (Blue) and SULF (Green) for the 2040-2069 period minus the RCP4.5 2006-
2035 control period (CTL) for annual mean, DJF and JJA season. The top panel
shows changes in mean values, middle panel for the 90th percentile and bottom
panel for the 10th percentile.
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itudes, indicating the eﬀectiveness of SRM during summer season.
Even though there is less warming in the Arctic, there is still resid-
ual warming of 0.5 to 1K over the northern hemisphere mid lat-
itudes in SALT experiment. Since JJA corresponds to winter in
southern hemisphere, there is a net warming in the lower percentile
(T10) in the southern hemisphere.
In conclusion, irrespective of both the SRM techniques, there is
net warming at the lower tail of the temperature distribution at
high latitudes during winter season. Extend of warming is more in
the SALT experiment compared to the SULF experiment. Annual
changes in the upper percentile (T90) is essentially that of the JJA
season and lower percentile (T10) is that of DJF season.
Precipitation changes are highly dependent on seasons and Fig-
ure 4.8 shows the zonal mean change in precipitation for annual,
DJF and JJA season. Since precipitation pattern is diﬀerent over
land and ocean, zonal mean curves for land only (top row) and
ocean only points (bottom row) are shown separately in Figure 4.8.
For JJA season, which corresponds to the monsoon season over
northern hemisphere, SALT leads to increase in extreme precipi-
tation compared to the CTL scenario. DJF seasonal precipitation
mostly behave similar to the annual mean. In general for both the
seasons, similar to annual mean precipitation over land is better
treated in SULF experiment and ocean in SALT experiment.
4.3.6 Termination eﬀect
The termination eﬀect of the SULF and SALT experiments are
investigated for both temperature and precipitation and shown in
Figure 4.9 and 4.3.6. Annual changes are only considered in this
section and the values are summarized in Table 4.5.
As expected, the termination of SRM leads to a rapid net global
warming. When following the mean temperature of RCP4.5 sce-
nario in the 2070 - 2089 vs the 2050 - 2069 period, a gradual warm-
ing is simulated which is stronger for the average temperatures in
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Figure 4.8: Multi-model zonal mean change in precipitation (mm day−1) of RCP 4.5
(Red), SALT (Blue) and SULF (Green) for the 2040-2069 period minus the RCP4.5
2006-2035 control period (CTL) for annual mean, DJF and JJA season. Left column
for JJA season and right column for DJF season. First two rows for mean and P90
of land only and the bottom two rows for mean and P90 of ocean only points
respectively.
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Table 4.5: Change in temperature and precipitation for the 2070-2089 period with
respect to the 2050-2069 period.
Temperature (in K) Precipitation (in mm day−1)
Global Land Ocean Tropical Global Land Ocean Tropical
RCP4.5
Mean 0.30 0.39 0.26 0.26 0.021 0.153 0.023 0.021
T90/P90 0.29 0.37 0.25 0.30 0.069 0.542 0.075 0.081
T99/P99 0.30 0.38 0.27 0.31 0.415 0.194 0.508 0.601
T10 0.34 0.48 0.29 0.22    
T1 0.41 0.62 0.32 0.20    
SALT
Mean 0.59 0.75 0.53 0.64 0.054 0.021 0.067 0.071
T90/P90 0.59 0.73 0.53 0.73 0.152 0.070 0.187 0.207
T99/P99 0.64 0.81 0.58 0.81 0.771 0.461 0.902 1.001
T10 0.61 0.80 0.53 0.56    
T1 0.62 0.80 0.54 0.50    
SULF
Mean 0.62 0.84 0.52 0.61 0.054 0.056 0.054 0.067
T90/P90 0.65 0.93 0.53 0.65 0.135 0.167 0.121 0.157
T99/P99 0.70 1.02 0.57 0.72 0.678 0.561 0.727 0.850
T10 0.63 0.83 0.55 0.58    
T1 0.65 0.83 0.57 0.57    
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the northern polar and mid-latitude regions than the global aver-
age of +0.30 K. T90 temperatures rise at a slower rate than the
average ones.
Figure 4.9: Multi-model mean change in temperature (K) during climate engineering
termination period for RCP 4.5 (left panel), SALT (middle) and SULF (right panel).
Panels a) to c) denote changes in mean values, d) to f) same as a) to c) but for the
90th percentile and g) to i) same as a) and c) but for the 10th percentile of the
temporal distribution at each model grid point. Hatches denote regions where the
changes are 95% statistically signiﬁcant.
The termination of the SRM lead to strong warming of average
and extreme temperatures for both schemes, with slightly larger
values for the SULF simulations. For both the methods, changes
are stronger over land. For both the SRMs, mean values rise the
most in the northern polar regions, while T90 values increase more
at mid- and low latitudes over land, with only moderate warming
in the polar regions. The global mean values of the temperature
changes for the SALT scenario for mean, T90 and T99 are +0.59 K,
+0.59 K and +0.65 K, respectively. In the SULF scenario, simu-
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lated patterns are similar to SALT, but stronger. The termination
of the SULF leads to stronger changes in extreme temperatures
also in the mid- and polar regions, compared to the SALT method.
The global mean change for temperature extremes over land for
SULF is +0.84 K. In lower percentiles (T10) due to termination,
temperature rises much faster than the mean and upper percentile
(T90) in both the SRM schemes. Particularly strong warming is
simulated over the northern high latitudes as well as some regions
of the southern ocean.
Figure 4.10: Multi-model mean change in precipitation (mm day−1) during climate
engineering termination period for RCP 4.5 (left panel), SALT (middle) and SULF
(right panel). Panels a) to c) denote changes in mean values, d) to f) same as a) to
c) but for the 90th percentile of the temporal distribution at each model grid point.
Hatches denote regions where the changes are 95% statistically signiﬁcant.
Similar analysis is carried out for precipitation as well. Termi-
nation of SALT leads to strong increases of precipitation over most
regions. However, the models simulate reduced precipitation over
some subtropical land regions, namely northern Africa, Europe
and some regions of Indian subcontinent due to the termination
eﬀect. The global mean change of precipitation extremes over land
is +0.461 mm day−1 (P99), half the magnitude over ocean. Tropics
experience a large increase in precipitation extremes (P99) with a
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net value of +1.001 mm day−1. Under SULF termination, there
is large increase in precipitation over most of the land, mainly,
the south east Asia, south of Africa as well as the Amazon re-
gion. Overall the precipitation over land regions are increased by
+0.561 mm day−1
In conclusion, the termination eﬀect of SULF on temperature is
stronger than for the SALT experiment. In the SALT experiment,
the termination results in larger precipitation increases over ocean
than land. Hence, in general the termination of the SRMs results
in a reversal of the patterns simulated to occur during the climate
engineering time.
4.4 Summary and conclusions
In this study, the results of simulations with three diﬀerent Earth
system models within the SRM climate engineering model inter-
comparison studies of IMPLICC and GeoMIP have been analyzed
with respect to surface air temperature and precipitation and their
corresponding extreme indices. Two solar radiation management
methods were implemented in these simulations, namely the injec-
tion of stratospheric aerosols (SULF) and marine cloud brighten-
ing by sea salt injections (SALT). Both solar radiation manage-
ment climate engineering methods are eﬀective at counteracting
the mean global warming. In the marine cloud brightening ex-
periment, SALT, however, where SRM is implemented only in the
Tropics, extra-tropics and high latitudes warm up during the cli-
mate engineered time.
The focus of this study was on the changes in extreme temper-
atures, deﬁned here as the upper percentile (90th) and lower per-
centile (10th) of the 30-year temporal distribution of near surface
temperature and precipitation at each grid-point. In this study ex-
tremes are also deﬁned based on the ﬁxed threshold of the temper-
ature and precipitation; namely dry-spell (consecutive dry days),
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frost-day and summer-day indices.
In the simulations investigated, upper percentile (T90) tempera-
ture show small positive changes over tropics except northern hemi-
sphere mid and high latitudes. In northern hemisphere high and
mid latitudes, warm temperatures (T90) rise less than the mean,
but the cold temperatures (T10) much stronger than the mean.
This is consistent with the expectation, since SRM is eﬀective only
during polar day.
Deﬁning temperature extremes by ﬁxed thresholds, namely frost
days as those where the minimum temperature is colder than the
freezing point, and summer days as those where the maximum
temperature is warmer than 25 ◦C, it is found that the spatial
patterns for the two SRM techniques diﬀer. SULF better reduces
the increase in the extra-tropics while SALT better reduces the
increase in the sub-tropics. Globally, SALT is better in reducing
the increase in the summer days compared to SULF. However Frost
days are better mitigated in SULF experiment.
The changes in precipitation pattern mostly contrast each other
in both the SRM techniques compared to the reference CTL period
(2006 to 2035). In the tropical marine regions, the SALT scheme
leads to an overall reduction in precipitation compared to CTL pe-
riod. Extreme precipitation increases over land is more eﬀectively
reduced by SULF than SALT experiment. The geographical pat-
terns of the P90 precipitation change show large variability which
averages out when considering large regions.
Extremes in temperature and precipitation vary with the sea-
son. Thus the percentile extremes separately for the boreal (Dec-
Jan-Feb) and austral (Jun-Jul-Aug) winter seasons are analysed.
Changes in the upper percentile (P90) for the annual distribution
represent the changes of the summer seasons (JJA for northern
hemisphere and DJF for southern hemisphere), and lower per-
centile (P10) is that of winter seasons (DJF for northern hemi-
sphere and JJA for southern hemisphere). Results indicate that
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for both the SRM techniques there is net warming at the lower tail
of the temperature distribution at high latitudes in the boreal and
austral winter season.
Strong temperature increases are simulated after the ceasing of
SRM climate engineering. SULF termination results in a rapid
warming of entire globe, stronger over land in both tropical and
extra-tropical regions than over oceans, and less strong over the
Arctic for the 20-year time-frame analysed. SALT termination ef-
fect is more conﬁned to the Tropics. Also precipitation responds
strongly to the termination of SRM climate engineering measures
with strong increases over land regions. In conclusion, termination
eﬀect of SULF on temperature is stronger than for the SALT exper-
iment. SALT experiment termination result in more precipitation
increases over ocean than land. Hence, in general termination of
the SRMs result in the complete reversal of the patterns observed
during the climate engineering time. Extreme values, both for tem-
perature and precipitation, show stronger increases than the mean
values for the termination eﬀect.
Our results support some of the previous ﬁndings regarding the
eﬀectiveness of SRM over the lower latitudes compared to the high
latitudes especially in winter seasons (Curry et al., 2014). Our
results also reaﬃrm the fact that the regulation of global mean
temperature does not necessarily control the regional climate (Ban-
Weiss and Caldeira, 2010; Irvine et al., 2010). The SALT exper-
iment result in a large increase in precipitation over land, which
reinforces the result from an idealized scenario by Bala et al. (2011).
Moist events over land is better mitigated in SULF than in SALT
(Niemeier et al., 2013).
Our results show that SALT is more localised and more eﬀec-
tive over the tropical regions. Most of the tropical marine regions
show small, changes in extreme temperature compared to the CTL
period. It is found that the SULF experiment is eﬀective in miti-
gating increase in extreme precipitation over land while SALT over
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ocean. In terms of the extremes based on threshold values, namely
changes in the occurrence of frost days, summer days and length
of consecutive dry days both the SRMs somewhat alleviates the
eﬀect of warming. But globally, the SALT experiment tend to re-
duce consecutive dry days and also reduce increase in summer days
than the SULF experiment. Globally over land in temperature, ter-
mination due to SULF is more in magnitude than corresponding
RCP4.5 and SALT scenarios. Warming over the lower tail of tem-
perature distribution due to termination is much higher in magni-
tude compared to mean and higher temperature. By termination,
besides an increase in precipitation over most of the globe, there
is also a decrease in precipitation in SALT experiment over Indian
subcontinent, North Africa as well as Europe.
Overall, conclusion is that the climate-change driven increases in
the upper extremes of temperature and precipitation are simulated
to be rather well mitigated by the two SRM climate engineering
methods. However, it is also found that the potential to mitigate
eﬀects of climate change by means of SRM diﬀers around the globe
and seasonally. Not very well dampened are in particular the in-
crease in the mean temperatures is in the Arctic, and especially the
increase in the lower temperature percentile in the Arctic winter.
At the same time, it is not easily possible to locally engineer the
climate by SRM methods, as the analysis of the SALT scenario
shows. These ﬁndings indicate additional conﬂicts of interest be-
tween regions of the world if it should come to discussions about




Alarming rise in the greenhouse gas emissions, their observed and
projected trends in the future lead to more researches focusing
on mitigation of greenhouse gases, adaptation to climate change
and also a new branch of alternative methods to counter balance
the global warming termed as Climate engineering. Climate en-
gineering is an umbrella term deﬁned to represent the collection
of proposed methods to counterbalance the global warming due to
greenhouse gases. Climate engineering is majorly classiﬁed into
two methods, carbon dioxide (CO2) removal technique and solar
radiation management. CDR technique focus on removing the at-
mospheric CO2, thus treating the main cause for global warming.
SRM on the other hand is focused on reducing the eﬀect of in-
crease in greenhouse gas emissions, i.e, to reduce the increase in
temperature by increasing the planetary albedo.
Thesis focused on the SRM technique, speciﬁcally on marine
cloud brightening. In marine cloud brightening, cloud albedo of
low level stratocumulus clouds are increased by increasing the cloud
droplet number concentration. MCB method is inspired from the
idea of ship tracks.
Studies have shown potential eﬀectiveness of the MCB tech-
nique on compensating the global warming. However, besides the
eﬀectiveness various studies have shown the side eﬀects associated
with implementing MCB. Side eﬀects varies from change in precip-
itation over land and ocean, reduction in precipitation over Ama-
zonian region, eﬀects on the hydrological cycle, over compensation
of temperature over ocean than land region which indicates the
localised eﬀect of the technique. Like other SRM techniques MCB
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also has the termination eﬀect, which indicate the eﬀects of abrupt
ceasing of MCB. Termination of MCB leads to sudden increase in
temperature and precipitation rate (more at the oceans than land
regions) compared to the non-geoengineered period. Thus MCB
implementation creates winners as well as losers.
Even though some of the basic aspects of MCB such as those
mentioned above are addressed in previous studies, there are still
some voids in the MCB research such as what are the spatial, tem-
poral and intensity scales needed to detect the MCB experiment?
the extend to which MCB can counterbalance the climate change
in mean and extreme events? how do extreme events change at
terminating MCB? The thesis addressed these research questions
in the three working chapters. Chapters are entitled as
1) How large, long and intense does a marine cloud brightening
ﬁeld experiment need to be?
2) Detectability of marine cloud brightening experiment : sensitiv-
ity simulations with the ECHAM GCM.
3) Climate extremes in multi-model simulations of stratospheric
aerosol and marine cloud brightening climate engineering.
Second chapter of the thesis analysed the detection limit of a
hypothetical MCB ﬁeld experiment with statistical signiﬁcance us-
ing satellite observations. In this chapter, we explored how large in
space, how long in time, and how intense in cloud droplet number
concentration perturbation a ﬁeld experiment needed to detect a
change in albedo associated with a marine cloud brightening ex-
periment with statistical signiﬁcance given the natural variability
in clouds. We focused on an experiment small enough to have
any climatic impact and large enough to be detectable. In the
chapter, the detection limit of MCB was analysed by two diﬀerent
approaches, (i) analytical method and (ii) stochastic method. Ana-
lytical method assessed the radiative forcing by aerosol-cloud inter-
actions for an idealised perturbation of the droplet concentration
while all other cloud parameters kept ﬁxed. The second method, a
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stochastic method to predict the possible outcome of albedo with
change in the cloud droplet number concentration . The stochastic
method included the radiative forcing and the cloud adjustment
eﬀects of perturbing cloud droplet number concentration. Main
ﬁndings from the study are summarized as follows,
• The detection limit of a hypothetical MCB ﬁeld experiment
using an analytical method showed that, the South Atlantic
and the South Paciﬁc regions were more easy to detect com-
pared to the North Paciﬁc region. In the North Paciﬁc region,
detectability is hindered by the large cloud albedo variability.
• In the Stochastic method compared to the analytical method,
larger domain size as well as longer duration are required for
the detection of the hypothetical ﬁeld experiment.
• We found that the most eﬀective option to detect a hypothet-
ical ﬁeld experiment is to increase the time duration of the
experiment and the least eﬀective is to increase the domain
size of the experiment.
Third chapter addressed the detectability of a hypothetical MCB
ﬁeld experiment from a modeling perspective. In this chapter de-
tection limit of a hypothetical MCB ﬁeld experiment with statis-
tical signiﬁcance is determined by two diﬀerent methods, (i) tem-
poral method and (ii) spatial method. In the temporal method,
temporal reference of 9 years from the same region is used for the
analysis, while in the spatial method, a spatial reference is used,
i.e. the perturbed region is compared with an unperturbed outer
region. Main results of this chapter can be summarized as follows,
• In the temporal analysis, an experiment in the South Paciﬁc
region is found to be easily detectable and the North Paciﬁc
region the least detectable. The analysis showed that all sky
albedo change is inﬂuenced more by cloud liquid water path
changes in the model used.
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• Compared to the temporal method, detectability with the spa-
tial method is much easier for the North Paciﬁc region. How-
ever for the other two regions this method does not improve
the detection limit.
• We conclude that the spatial method is well suited for detec-
tion of the MCB experiment for regions with high variability
hindering the detectability.
• Cost analysis calculations suggest that for an experiment to be
cost eﬀective, it is preferable to design an experiment of longer
duration with smaller domain sizes as well as less intensity of
perturbation of Nd.
Fourth and the last working chapter of the thesis examined the
eﬀectiveness of marine cloud brightening experiment to counter-
balance the climate change in mean as well as extremes of temper-
ature and precipitation. We compared these results with another
climate engineering technique, namely stratospheric aerosol injec-
tion. Both these technique diﬀer on their mechanisms of imple-
mentation and the extend of spatial impact. Eﬀect of termination
of the experiments on mean and extreme climate change are also
investigated. The study used existing model results from GEOMIP
experiments. Main results from the study are summarized as fol-
lows.
• Study found that both SALT and SULF SRM methods are
eﬀective at counteracting the mean global warming. However,
upper percentile temperature (extreme temperature) changes
show positive changes over northern hemisphere and high lat-
itudes. Also rise in cold temperatures are much stronger than
the mean and this is because the SRMs are only eﬀective dur-
ing polar day.
• Analysing temperature extremes based on ﬁxed thresholds
such as frost days and summer days, we found that SALT
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better reduces the increase in summer days while SULF is
better in mitigating frost days.
• The SALT scheme reduces precipitation over tropical marine
regions and increases the extreme precipitation over land re-
gions. SULF is better at mitigating extreme precipitation in-
crease over land compared to SALT. Regional changes in P90
extreme precipitation averages out when considering larger re-
gions.
• Seasonal analysis of the extreme temperature and precipita-
tion showed that changes in the upper percentile for the annual
distribution represent the changes of the summer seasons (JJA
for northern hemisphere and DJF for southern hemisphere),
and lower percentile (P10) is that of winter seasons (DJF for
northern hemisphere and JJA for southern hemisphere). Both
the SRM techniques exert a net warming at the lower tail of
the temperature distribution at high latitudes in the boreal
and austral winter season.
• Termination of SRMs increased temperature rapidly, more
over land than ocean region. Termination of SULF resulted in
rapid warming of entire globe and SALT is more conﬁned to
the Tropics. Precipitation increased rapidly over land regions
with termination of SULF and SALT experiment termination
resulted in more precipitation increase over ocean than land.
Hence the termination of SRMs resulted in complete reversal
of the observed patterns during the climate engineering period
and the termination eﬀected more on the extremes than mean.
• Our study showed that SALT is more regional and eﬀective
over tropical regions than SULF. Overall, conclusion is that
the climate-change driven increases in the upper extremes of
temperature and precipitation are simulated to be rather well
mitigated by the two SRM climate engineering methods. How-
ever, the eﬀectiveness to do so diﬀers with region and season.
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Increase in the lower percentile temperature is not well damp-
ened by the SRMs.
Overall, we conclude that the detection of hypothetical marine
cloud brightening ﬁeld experiment is relatively easy except for the
North Paciﬁc region. Possibility of detecting such an experiment
improves with increasing the duration of the experiment than other
factors. Increasing the duration of the experiment is preferably the
cost eﬀective way to do it. These ﬁndings have important impli-
cations towards a marine cloud brightening ﬁeld experiment. An
actual marine cloud brightening implementation study using mod-
els showed that it is eﬀective in alleviating climate change driven
increase in the mean as well as upper percentile temperature and
precipitation. However, increase in the mean as well as lower tem-
perature in the Arctic winter is less dampened. Local engineer-
ing the climate with SRMs is not possible, as the analysis of the
marine cloud brightening scenario shows. These ﬁndings indicate
additional conﬂicts of interest between regions of the world if it
should come to discussions about an eventual implementation of
SRM.
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